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„Man muss noch Chaos in sich haben, um einen tanzenden 
Stern gebären zu können.“ 
 








The perception of light enables animals to coordinate behavior and physiology to changes in their surrounding. 
In my thesis, I exploited the advantages of the vertebrate model organism zebrafish to investigate different as-
pects of light perception.  
Glutamate is the principal excitatory neurotransmitter in the brain, implicating that glutamate receptors play 
crucial roles in signal transmission. Nevertheless, the knowledge about metabotropic glutamate receptors 
(mGluRs) in zebrafish is scarce. While mammals possess eight mGluRs, our phylogenetic analysis revealed that 
the zebrafish genome harbors a larger mGluR family of 13 genes, which likely originate from the teleost specific 
additional whole genome duplication. As they phylogenetically segregate in the same subfamilies as mammals, 
conserved functions are expected. An accurate mRNA expression study revealed a unique distribution of all 
mglurs within the zebrafish nervous system, suggesting highly distinct functions for each of the receptor sub-
types. 
Photoreceptors release glutamate in the dark. Sign inversion for the detection of light increments is mediated via 
the inhibitory mGluR6 on ON-bipolar cell dendrites. We found that the zebrafish harbors two mGluR6 paralogs 
and that the mGluR6 signaling pathway is likely conserved in this animal. This enables the use of zebrafish as a 
model to elucidate mGluR6 mediated ON-signaling properties. A functional analysis in mGluR6b-depleted larvae 
revealed a significant contribution of mGluR6b to the cone ON-response. In addition, we suggest that at least part 
of the remaining cone ON-response is generated via EAAT7. Excitatory amino acid transporters (EAATs) are 
hypothesized to be involved in direct retinal ON-signaling by hyperpolarizing ON-bipolar cells via an inhibitory 
chloride conductance.  
Almost all organisms possess some form of biological time keeping mechanism that provides an internal repre-
sentation of time. This circadian clock sets the phases at which behavioral and physiological events occur and 
allows fine-tuning to the environment. Visual sensitivity was found to be regulated by such internal rhythms, 
being highest at dusk. To our surprise, we found mglur6 pathway members to be under circadian control, sug-
gesting a molecular mechanism for the increased visual sensitivity in the evening. 
Another part of my thesis deals with non-visual light perception, also important for driving the circadian clock. 
Cryptochromes (Crys), photopigments absorbing light in the UV- and blue range, were found to be involved in 
many light-guided processes. This includes circadian rhythmicity where Crys regulate the negative limb of the 
transcriptional feedback loop or even act as light sensor for the circadian clock. A comparative bioinformatic 
analysis allowed us to decipher the correct phylogeny of all eight zebrafish Crys. We confirmed a rhythmic ex-
pression of all crys in the zebrafish retina, which however does not necessarily implicate an involvement in the 
input pathway to the circadian clock. 
Non-visual photoreception is mediated via ocular and extraocular photopigments, which have likely different 
contributions to light-guided behavioral mechanisms. Using eyeless mutants helped us to decipher between ocu-
lar and extraocular input to locomotor activity responses upon changing illumination under different light spec-
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tra. We could show that the startle OFF-response is likely mediated via the retina, while the ON-response in-
cludes extraocular photopigments that absorb light in the blue to green range. This shows that such experiments 






Die Wahrnehmung unterschiedlicher Lichtreize erlaubt es Tieren ihr Verhalten und ihre Physiologie verändern-
den Umweltbedingungen anzupassen. In dieser Arbeit nutzte ich die Vorzüge des Modellorganismus Zebrafisch 
um verschiedene Aspekte der neuronalen Lichtverarbeitung zu untersuchen. 
Glutamat gehört zu den wichtigsten Neurotransmittern des Gehirns, was zur Folge hat, dass Glutamatezeptoren 
bedeutende Rollen in der Signalübermittlung spielen. Dennoch ist noch wenig über metabotrope Glutamatrezep-
toren (mGluRs) im Wirbeltier Zebrafisch bekannt. Unsere phylogenetische Untersuchung hat ergeben, dass diese 
Genfamilie im Zebrafisch umfangreicher ist als in Säugetieren. Die fünf zusätzlichen mGluRs entstanden wahr-
scheinlich während der nachträglichen Genomduplikation der Teleosten, zu denen auch der Zebrafisch gehört. 
Da alle mGluRs von Zebrafischen und Säugetieren in die phylogenetisch gleichen Subfamilien segregieren, erwar-
ten wir ähnliche Funktionen dieser Gene. Detaillierte Expressionsstudien zeigten eine spezifische Verteilung der 
einzelnen mglurs im Zentralnervensystem des Zebrafisches, was darauf hinweist, dass jeder Subtyp eine speziel-
le Funktion ausführt. 
Photorezeptoren schütten in der Dunkelheit Glutamat aus. Dieses Signal wird mithilfe des inhibierenden mGluR6 
in den Dendriten von ON-Bipolarzellen umgekehrt, um ansteigende Helligkeit zu detektieren. Der Zebrafisch 
besitzt zwei mglur6 Gene, die beide in ON-Bipolarzellen exprimiert sind. Weitere Lokalisationsstudien zeigten, 
dass der intrazelluläre mGluR6 Signalweg im Zebrafisch konserviert ist, was eine genauere Studie der Bestand-
teile der mGluR6-abhängigen ON-Signale ermöglichte. Mithilfe einer funktionellen Analyse in Larven konnten 
wir eine bedeutende Beteiligung von mGluR6b in der von Zapfen gesteuerten ON-Antwort finden. Weiterführen-
de Experimente zeigten, dass zumindest ein Teil der restlichen ON-Antwort durch den Glutamattransporter 
EAAT7 vermittelt wird. Es wird angenommen, dass diese Transporter mit Hilfe eines hemmenden Chloridstroms 
ON-Bipolarzellen in der Dunkelheit inhibieren. 
Desweiteren spielt bei der Lichtwahrnehmung die zirkadiane Uhr eine wichtige Rolle. Fast alle Organismen be-
sitzen eine Art biologische innere Zeitmessung. Sie steuert die Anpassung von Verhalten und Physiologie über 
den Tag hinweg und erlaubt eine Abstimmung mit der Umwelt. Auch die Empfindlichkeit des visuellen Systems, 
die während der Abenddämmerung am höchsten ist, wird durch einen internen Rhythmus gesteuert. Interessan-
terweise fanden wir, dass die Expression einiger der am mGluR6 Signalweg beteiligten Gene zirkadian reguliert 
ist. Dies könnte ein bislang unbekannter molekularer Mechanismus sein, der die höhere visuelle Empfindlichkeit 
am Abend bedingt. 
Ein weiterer Teil meiner Arbeit befasst sich mit nicht-visueller Lichtwahrnehmung. Cryptochrome (Crys), Pho-
topigmente die Licht im UV- und Blau-Bereich absorbieren, sind an vielen lichtabhängigen Prozessen beteiligt. 
Dies beinhaltet auch die zirkadian Rhythmik, wo Crys den negativen Teil des Regelkreises regulieren oder sogar 
direkt den Lichtsensor für die zirkadiane Uhr bilden. Mittels einer vergleichenden bioinformatischen Analyse 
konnten wir die korrekte Phylogenie aller acht Zebrafisch-spezifischen Cryptochrome bestimmen. Desweiteren 
wiesen wir eine rhythmische Exprimierung aller crys in der Netzhaut des Fisches nach.  
  Zusammenfassung 
 
V 
Nicht-visuelle Lichtwahrnehmung kann durch Photopigmente erfolgen die in den Augen oder auch anderswo am 
Körper angebracht sind. Welche Photopigmente an welchen lichtgesteuerten Verhaltensmechanismen beteiligt 
sind, ist nicht bekannt. Um zu unterscheiden welche Photopigmente zu motorischen Aktivitätsrhythmen beitra-
gen, verglichen wir Wildtypen mit augenlosen Mutanten unter verschiedenen Lichtverhältnissen. So konnten wir 
zeigen, dass die typisch erhöhte motorische Aktivität bei Ausstellen des Lichtes über die Augen generiert wird, 
während beim Anstellen des Lichtes die erhöhte Aktivität eher durch Photopigmente des restlichen Körpers, 
welche Licht im Blau- bis Grünbereich absorbieren, vermittelt wird. Diese Experimente sind sehr hilfreich um 
spektrale Eigenschaften von Photopigmenten vorherzusagen, die lichtabhängige Verhaltensmechanismen steu-
ern. 







1.1 Light perception 
Processing and interpreting visible light generates visual sensation. To accomplish this, animals use their eyes 
and brains, however, light is not only perceived for conscious form vision but also guides a large number of phys-
iological tasks we are mostly unaware of. Almost all living beings on earth from plants, to bacteria and animals 
use specific photopigments to perceive light that mediate such unconscious tasks. In the following sections I will 
discuss several aspects of visual and non-visual photoreception. 
1.1.1 Architecture of the eye 
All vertebrate eyes are composed of three nuclear and two synaptic layers. Light enters the eye trough the pupil, 
traverses the vitreous and several cell layers before it falls on an array of photoreceptors located in the back of 
the eye (Fig. 1). The cornea, a transparent surface that covers the pupil and the iris, together with the crystalline 
lens form an optical system that enables the production of a focused image at the photoreceptor level (reviewed 
in Purves et al., 2004). In mammals, birds, and reptiles, a changing shape of the lens accomplished via muscle 
contractions leads to accommodation and helps focusing on a specific depth. The fovea is a small pit in the hu-
man retina that consists of the highest density of cone photoreceptors. This is the central point for image focus-
ing during the day and enables resolution of the finest details. 
The retina that perceives and processes the incoming light is located at the back of the eye. It develops as an 
evagination from the neural tube, therefore it is part of the central nervous system. The retina is built of three 
layers of nerve cell bodies and two interplexiform layers where synaptic contacts occur. The outermost outer 
nuclear layer (ONL) consists of two types of photoreceptors, rods and cones, which possess visual pigments in 
their outer segments. They consist of opsin and a bound chromophore, the 11-cis retinal that is able to absorb 
light and start a signaling cascade by conformational change to its all-trans form. Structurally different cone 
opsins enable light absorption at different wavelengths to generate color vision. Cones are less sensitive to light 
than rods, thus start to contribute to vision at higher light intensity and are mostly used during the day. At such 
bright light levels rods are already saturated. As they are able to detect very few photons their main task is to 
provide vision at very low light intensities as it occurs during the night. To rely their information both rod and 
cone photoreceptors form synapses with bipolar cells in the outer plexiform layer (OPL), which in turn are con-
nected to ganglion cells in the inner plexiform layer (IPL). Ganglion cells are the output neurons of the retina and 
their axons bundle to form the nerve fibers which leave the eye as optic nerve. Since at this spot no photorecep-
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tors can be placed, it is also called the blind spot. In addition, the retina harbors horizontal and amacrine cells 
that enable horizontal information flow through the retina. Although less apparent, two more non-neural cell 
types are crucial for continuous visual function, Muller glia cells and cells of the retinal pigment epithelium 
(RPE). Besides that numerous subgroups in every cell type and sublaminae in each layer add to the complexity of 
the vertebrate retina. Muller glia cells are important not only for transmitter homeostasis but also for retinal 
regeneration (Yurco & Cameron, 2005; Fausett & Goldman, 2006), and the RPE harbors many functions such as 
“recharging” of visual pigments, phagocytosis and renewal of photoreceptor outer segments, and the transport of 




Fig. 1: Anatomy of the eye. 
A: Schematic radial section through the human eye. B: Enlargement of the retina as depicted in A. AC, amacrine cells; BC, bipolar 
cells; GC, ganglion cells; GCL, ganglion cell layer; HC, horizontal cells; ILM, inner limiting membrane; INL, inner nuclear layer; 
IPL, inner plexiform layer; MGC, muller glia cells; NF, nerve fibers; OLM, outer limiting membrane; ONL, outer nuclear layer; OPL, 
outer plexiform layer; RPE, retinal pigment epithelium. Adapted from webvision.med.utah.edu. 
1.1.2 Generation of retinal ON- and OFF-responses 
Glutamate is the most abundant neurotransmitter in the central nervous system. The visual signaling cascade 
initiated by light absorption of the chromophore in photoreceptor outer segments leads to a hyperpolarization of 
photoreceptors, thereby decreasing glutamate release into the synaptic cleft. This signal is not only propagated 
through the following cell layers and finally to the brain, it rather is highly processed already within the retina. 
The parallel processing of for example color or motion into different channels is fundamental for vision and al-
ready occurs at the first visual synapse (reviewed in Wässle, 2004). Also the detection of brighter or lower than 
background illumination fundamental for contrast perception segregates into two opposite pathways in the OPL 
which are reinforced by lateral inhibiting horizontal cells. As all photoreceptors respond with hyperpolarization 
and a decreased glutamate release on light absorption, the separation is mediated via two different types of glu-
tamate receptors on bipolar cell dendrites. The OFF-response is mediated via AMPA/kainate type of ionotropic 
glutamate receptors, thereby conserving the signal from photoreceptors. ON-signaling on the other hand needs 
an opposite response onto glutamate, which is accomplished via mGluR6, an inhibitory metabotropic glutamate 
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receptor (Fig. 2A). Here, an increase in glutamate starts an intracellular G-protein coupled signaling cascade that 
leads to the closure of a transient receptor potential channel (TRPM1) and hyperpolarizes the cell (Fig. 2B). Re-
cently, nyctalopin (NYX) and G protein-coupled receptors (GPR158/179) have been discovered to play crucial 
roles in compartmentalization of pathway members (Cao et al., 2011; Orlandi et al., 2012). However, their pre-
cise role in the mGluR6 pathway is still unknown. Mutations in any of the genes involved in that pathway mani-
fest in lacking ERG b-waves and lead to night blindness in humans (Dryja et al., 2005; Zeitz et al., 2005; Bech-
Hansen et al., 2000; Audo et al., 2012). In addition to mGluR6 signaling, another way to hyperpolarize ON-bipolar 
cells upon light decreases has been discovered in lower vertebrates. Inhibitory chloride conductances of excita-
tory amino acid transporters (EAATs) located on bipolar cell dendrites likely also contribute to ON-signaling 
(Fig. 2C; Grant & Dowling, 1995, 1996; Wong et al., 2005; Wong et al., 2004). However, the main task of these 
glutamate transporters mostly located on presynapses and glia cells is to prevent glutamate spillover (Huang & 
Bergles, 2004).  
While cones synapse to ON- and OFF-bipolar cells, rods are only connected to ON-type bipolar cells, which then 
conduct the obtained signal over amacrine cells to ON- and OFF-cone bipolar cells. However, there is evidence 
for direct synaptic connections between rods and OFF-cone bipolar cells, which would provide an alternative rod 
pathway (Li et al., 2004; Li et al., 2010). 
 
Fig. 2: Parallel ON- and OFF-pathways. 
A: Drawing of retina ON- and OFF-responses showing sign inversing (red) and sign conserving (green) synapses. Electrical re-
sponses from photoreceptors, bipolar cells, and ganglion cells to a light stimulus are indicated on either side, showing the separa-
tion into ON- and OFF-pathways at the level of bipolar cells as a reaction to light increases or light decreases, respectively. This 
dichotomy is reflected at the level of ganglion cells which respond with an increased or decreased firing pattern during the light 
stimulus. B,C: Enlargement of the ON-bipolar cell dendrite depicting the two possibilities to generate a sign inversion. The 
mGluR6 pathway leads to a closure of a cation channel (TRPM1), thereby hyperpolarizing the cell (B), while the opening of glu-
tamate transporters (EAATs) hyperpolarizes the cell via a co-conductance of chloride (C). A: adapted from (Purves et al., 2004; 
La Cour & Ehinger, 2005). 
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1.1.3 Light perception of the circadian system 
As early as in 1729 the French astronomer Jean-Jacques Ortous de Mairan described that the daily opening and 
closure of the leaves of a flowering plant was not only a simple response to sunlight but rather a rhythmic mo-
tion that persisted even in the absence of light. Such robust day-night oscillations in behavior and physiology are 
found in nearly all living organisms and are called circadian rhythms. Most of these rhythms persist under con-
stant external conditions and allow organisms to anticipate and adapt to the daily changing environment. The 
importance of biological clocks is reflected by the huge amount of physiological processes that underlay circadi-
an rhythms. Besides hormone release and metabolism also many aspects of the visual system such as electrical 
coupling of rods and cones or visual sensitivity undergo daily changes (reviewed in Guido et al., 2010). To stay 
synchronized with the 24 hour cycle given by the sun, the circadian system is mainly reset by light. While the 
architecture of our eyes enables highly accurate temporal and spatial vision at a point of interest it is not suited 
to measure gross changes in irradiance levels (reviewed in Foster & Hankins, 2002).  Therefore other sensors are 
needed to fulfill this task. Fruit flies solved this problem by expressing the blue-light absorbing photopigment 
cryptochrome (CRY) in every cell (Emery et al., 1998; Plautz et al., 1997). Induced by light, it drives a transcrip-
tional-translational-feedback loop that leads to rhythmic gene expression and subsequently behavior (Fig. 3A). 
Mammals still possess cell-autonomous circadian clocks, however, they are not directly entrained by light but 
need to be synchronized from a hierarchically higher center. Specific photosensitive retinal ganglion cells ex-
pressing the photopigment melanopsin absorb light unconsciously and send their information via the 
retinohypothalamic tract (RHT) to the hypothalamic suprachiasmatic nucleus (SCN), also called the master clock 
(Hattar et al., 2002; Berson et al., 2002). There, two interspersed molecular feedback loops are activated which 
drive rhythmic gene expression (Fig. 3B). Similar to the fruit fly, lower vertebrates such as zebrafish still main-
tain directly light-responsive, cell-autonomous circadian clocks that use cryptochrome 1a as light sensor 
(Whitmore et al., 2000). Likely, other photopigments such as other cryptochromes or opsin variants located in 
peripheral tissues or the eye contribute to clock entrainment as well, as a large variety of photoreceptors enables 
a more reliable indication of light. 
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Fig. 3: Regulation of circadian clocks in Drosophila and mammals. 
Simplified models of the Drosophila and mammalian circadian clock mechanism. A: In Drosophila, cryptochrome (dCRY) sup-
presses the negative feedback loop of the circadian clock by binding to timeless (TIM) in a light-dependent manner. This results 
to TIM degradation and prevents heterodimerization with period (PER).Without dCRY the PER:TIM complex would enter the 
nucleus and inhibit the binding of clock (CLK) and cycle (CYC) proteins to the E-box in the promoters of clock genes, preventing 
their expression. B: Light entrains the mammalian circadian pacemaker by light input over the retina and the 
retinohypothalamic tract (RHT) that results in expression of immediate early genes that phase shift the circadian clock (not 
shown). Similar to Drosophila negative feedback loops control rhythmic clock gene expression, however, here cryptochromes are 
integral parts of the loop. Posttranslational modifications mediated by casein kinase I (CKI isoform ε and δ) regulate PER, CRY, 
and BMAL1 protein stability, thereby regulating the action of clock proteins. BMAL1 is the mammalian ortholog of cycle. Adapted 
from (Albrecht, 2004; Lin & Todo, 2005; Guido et al., 2010). 
 
1.2 The zebrafish in vision research 
When about 20 years ago George Streisinger, a scientist working on the genetics of phages, started to introduce 
the zebrafish (Danio rerio) as a model system, he could hardly imagine the large success of this little fish in the 
scientific world. His idea was to use zebrafish for a genetic analysis of the vertebrate nervous system. Some of 
the first publications about zebrafish already described its visual pigments (Nawrocki et al., 1985) and the early 
development of the retina (Streisinger et al., 1989) which paved the way for this model organism in vision re-
search.  
 The zebrafish retina develops extraordinarily fast enabling vision-based foraging already at 5 days post fertiliza-
tion (dpf). At that stage all retinal cell types are present in a layered structure which changes only marginally in 
adulthood (Fig. 4). Larval fish have an excellent color vision adapted to their diurnal habitat and show nearly 
adult-like visual performances (Branchek, 1984; Branchek & Bremiller, 1984). Similar to humans, zebrafish har-
bor cones that absorb light in the red, green and blue range (Robinson et al., 1995). However, in their retina the 
red- and the green-cone are merged to a red-green doublecone and they possess in addition a forth UV-cone type 
(Robinson et al., 1993). Nevertheless, there are more than only four cone types present in the zebrafish retina, as 
recent studies detected two red- (LWS1, -2) , four green- (RH2-1 to 2-4), one blue- (SWS2) and one UV- (SWS1) 
opsin (Chinen et al., 2003). As rods are not crucial for vision during early larval stages, they start to integrate 
later. Their structure appears adult-like from around day 15 on, and first functions can be measured at 12 dpf 
(Branchek, 1984; Branchek & Bremiller, 1984). The larval zebrafish retina is thus cone-dominated, in contrast to 
the rod-dominated retinae of nocturnal mammals like mice. In that respect the teleost retina is more closely 
related to that of humans than the retina of rodents and is ideally suited to study cone-related mechanisms. 
Moreover, the large number of offspring, the external development of the embryo and its transparency facilitates 
experimental manipulations and observations. 
A large number of mutant strains were produced by incorporation of random mutations via ENU-mutagenesis 
(Mullins et al., 1994) or retroviruses (Gaiano et al., 1996). This forward genetic strategy led to the identification 
of many retina specific phenotypes that enable the study of specific mutations of interest (Malicki et al., 1996). 
However, without the ability to test the fish’s visual behavior and detect particular phenotypes, such screens 
would not have been very successful. Scientists make use of innate behaviors elicited by moving visual stimuli. 
One widely used technique that generates reliable readouts of visual function is the optokinetic response (OKR; 
reviewed in Huang & Neuhauss, 2008). It is characterized as a stereotypic compensating eye movement to track 
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moving objects of the surround. In the lab it is imitated by a rotating paper drum around an immobilized fish 
(Fig. 5A,B). By changing properties of the moving grate such as contrast, color and temporal or spatial frequency, 
different aspects of visual function, e.g. visual acuity (Haug et al., 2010) or more subtle defects such as color 
blindness (Brockerhoff et al., 1997), can be measured. Another possibility is to measure motor responses trig-
gered by fast changes of illumination. The read out of these visual motor responses (VMR) gives information 
about ON- and OFF-pathways (Fig. 5C,D), however, as zebrafish are able to gain information about light via pe-
ripheral photoreceptors (Fernandes et al., 2012), the read out might not be as straight forward as previously 
thought. Patch clamp or electroretinogram (ERG; Fig. 5E,F) recordings allow the measurement of retinal proper-
ties on a physiological level. Combined with pharmacological tools aspects of specific signaling pathways can be 
dissected and individually studied. As genomic information for the zebrafish is available, in recent years reverse 
genetic tools have been developed allowing precise analysis of certain structures and genes. Nowadays, 
morpholino-based gene downregulation and transposon-mediated creation of stable transgenics are just two 
technologies widely used among the zebrafish community. The recently developed TALENs system even promis-
es reliable and fast targeted gene knock out and will greatly enhance the power of zebrafish as a genetic model 
organism. In addition, optogenetics is currently revolutionizing behavioral neuroscience (reviewed in del Bene & 
Wyart, 2012). As this technique is based on light-activated molecules and allows the monitoring and controlling 
of neuronal activity in living animals, the small, transparent, and genetically accessible zebrafish is perfectly 
suitet for exploiting this new method. 
 
 
Fig. 4: Light micrographs of radial sections through the zebrafish retina. 
A: Already at 5 dpf the zebrafish retina is fully functional and shows a layered structure similar to the adult retina (B). COS, cone 
outer segments; GCL, ganglion cell layer; INL, inner nuclear layer; IPL, inner plexiform layer; NF, nerve fibers; ON, optic nerve; 
ONL, outer nuclear layer; OPL, outer plexiform layer; ROS, rod outer segments; RPE, retinal pigment epithelium; RPE cb, cell 
bodies of the RPE. Scale bars = 50 µm. 
 




Fig. 5: Tools for testing visual performance in zebrafish. 
A: Setup for measuring the optokinetic response (OKR). B: Zebrafish larval eye velocity depends on contrast and spatial frequen-
cy as depicted in wild-type and bumper mutant fish that have a lens defect. C: Experimental device for testing visual motor re-
sponses (VMR). D: Changing illumination leads to fast startle responses in fish larvae measured with the VMR-setup. Weaker but 
robust startle response could be measured in no optokinetic response c (nrc) mutants that were previously reported to be com-
pletely blind. E: For measuring the electroretinogram (ERG) an electrode is placed directly onto the cornea. F: light stimulus 
leads to the generation of an a-, a b-, and a d-wave reflecting responses generated by photoreceptors, the ON- and OFF-pathway, 
respectively. A,B: adapted from (Mueller & Neuhauss, 2010; Mueller et al., 2011); C: by K. Mueller; D: adapted from (Emran et al., 
2008); E,F: adapted from (Makhankov et al., 2004). 
 
1.3 Genome duplications as driving force in evolution 
In all three domains of life, large proportions of genes were generated by genome duplications. While many of 
these duplicated genes accumulate deleterious mutations and later become pseudogenes, some are maintained 
within the genome. If no gene dosage constrains keeps those genes functional, their release from selective pres-
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sure could lead to the acquisition of new functions. In a whole genome duplication (WGD) event not only single 
genes but the whole genome including regulatory elements is duplicated. Here, mutations in regulatory subunits 
could split the ancestral function onto both genes (Force et al., 1999). Gene duplications do not necessarily have 
to be a dead end but provide opportunities for evolutionary success. In plants and yeast polyploidy likely accel-
erated evolution and builds the basis for speciation (Blanc & Wolfe, 2004; Kellis et al., 2004). 
Although WGDs are less frequent in vertebrates two round of WGD are believed to stand at the beginning of the 
vertebrate evolution (Fig. 6) (Hoegg & Meyer, 2005; Dehal & Boore, 2005), however, the evolutionary effects of 
these events are still debated (reviewed in Crow & Wagner, 2006; van de Peer et al., 2009). Teleosts underwent a 
third round of whole genome duplication right at the basis of their lineage about 350 Mya (million years ago; Fig. 
6) (Amores et al., 1998; Vandepoele et al., 2004). Nowadays, the class of teleosts comprises over 23’000 species 
and is the most diverse and evolutionary successful group of vertebrates (Basden et al., 2000). Whether this 
triumphant radiation was facilitated by the additional WGD is unclear since fossil records propose that 100 – 150 
million years separate the duplication event and teleost radiation (reviewed in Ohno, 1999, Postlethwait et al., 
2004, Volff, 2005). Nevertheless, gene loss or partitioning of gene function can still occur many millions of years 
after a WGD (Scannell et al., 2006; Sémon & Wolfe, 2007, 2008). Likely, a change in the ecological situation built 
the basis for speciation of teleosts. As the above mentioned models for gene preservation possibly led to the 
retainment of around 20% of all duplicated genes in teleosts (Force et al., 1999; Woods et al., 2005), the use of 
zebrafish in molecular genetics is exacerbated. While redundant gene function of duplicated genes complicates 
loss-of-function studies, the partitioning ancestral gene function can bring the opportunity to identify tissue-
specific regulatory elements. Moreover, the investigation of sub- or neofunctionalization events helps identifying 





Fig. 6: Chordate phylogeny indicating probable 
genome duplication events. 
Two rounds of whole genome duplications (R1 and 
R2) occurred approximately 500 Mya at the very 
base of the vertebrate taxa. An additional third du-
plication event (R3) was specific to the class of ray-
finned fish and happened around 350 Mya. A further 
duplication event, R4, presumably occurred about 50 
Mya at the base of the salmonid radiation. Adapted 
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1.4 Objectives of the thesis 
This thesis aims to enlighten different aspects of light perception in zebrafish by exploiting bioinformatic, molec-
ular, and behavioral techniques. 
Although glutamate is one of the main neurotransmitters in the central nervous system and its receptors are 
essential for many signal pathways, the knowledge about metabotropic glutamate receptors (mGluRs) in 
zebrafish is scarce. Chapter 2 of my thesis deals with the family of glutamate receptors, its phylogenetic relation-
ship and detailed expression in the zebrafish central nervous system. 
As the contribution of mGluR6 to the retinal ON-response is still under debate, the focus of Chapters 3 and 4 lies 
on the molecular dissection of the retinal ON-signaling in the cone-dominant larval zebrafish retina. Chapter 3 
describes the retinal expression of both zebrafish mglur6 paralogs in larval and adult fish. In addition, the func-
tion of mGluR6b was investigated by a morpholino mediated gene knockdown and subsequent ERG analysis. In 
Chapter 4 we examined signal transmission at the first visual synapse in a broader manner. First, we studied the 
co-expression of molecules involved in the mGluR6 signaling pathway to find whether this pathway is also con-
served in zebrafish. Next, we investigated the possible contribution of mGluR6a and -6b to the ON-response on a 
morphological level. Besides that, as glutamate transporters (EAATs) are hypothesized to be involved in direct 
ON-signaling, we examined EAAT7 in combination with mGluR6b by a double knockdown approach. 
Many retinal mechanisms are regulated by a circadian clock. Visual sensitivity was found to be highest at dusk, 
however, no molecular mechanism has been found yet. In Chapter 5 we describe a possible mechanism that 
could explain this phenomenon.  
Chapters 6 and 7 focus on cryptochromes (Crys), the blue-light receptors involved in many photoreactive path-
ways. As to date Cry phylogeny has been ambiguous, a preceding analysis of this gene family’s phylogeny was 
essential. Therefore, these studies were initiated by bioinformatic analysis of cry sequences in zebrafish and 
further comparison to data of other species. Furthermore, mRNA expression analysis of crys in zebrafish was 
accomplished to find hints for an involvement of a cryptochrome in non-visual photoreception mediated via the 
retina. 
As zebrafish not only possess photoreceptive cells in their eyes, the last Chapter 8 deals with light perception of 
ocular and extraocular photoreceptors. Locomotor activity patterns as well as responses to fast changes in illu-
mination were measured under different light conditions with the VMR-setup. The use of the eyeless chokh mu-
tant allowed us to distinguish between behaviors mediated by ocular or peripheral photopigments.  
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Glutamate, the most abundant excitatory neurotransmitter of the central nervous system, modulates synaptic 
transmission and neuronal excitability via metabotropic glutamate receptors (mGluRs). These receptors are 
essential components for diverse cognitive functions and they represent potential drug targets for the treatment 
of a number of neurological and psychiatric disorders.  
Here, we describe the phylogenetic relation and mRNA distribution of zebrafish mGluRs. In comparison to the 
eight mglurs present in the mammalian genome, we identified 13 different mglur genes in the zebrafish genome. 
In situ hybridization experiments in zebrafish revealed widespread expression patterns for the different mglurs 
in the central nervous system, implicating their significance in diverse neuronal functions. Prominent mglur ex-
pression is found in the olfactory bulb, the optic tectum, the hypothalamus, the cerebellum, and the retina. We 
show that expression pattern of paralogs generated by the teleost specific whole genome duplication is overlap-
ping in some brain regions but complementary in others, suggesting sub- and/or neofunctionalization in the 
latter. Group I mglurs are similarly expressed in brain areas of both larval and adult zebrafish, suggesting that 
their functions are comparable during these stages.   




In recent years the zebrafish Danio rerio has emerged as one of the favorite model organisms for genetic studies. 
Particularly well studied are genes involved in nervous system development and function (e.g. Schweitzer & 
Driever, 2009; Lillesaar, 2011). However, despite the fact that glutamate is the main excitatory neurotransmitter 
of the vertebrate nervous system, little is known about glutamatergic systems in zebrafish or other teleosts.  
In general, glutamate receptors fall into three broad classes: the ionotropic NMDA and AMPA/kainate receptors, 
the excitatory amino acid transporters (EAATs) and the mGluRs. mGluRs are seven-transmembrane proteins 
with an intracellular G-protein coupled signal transduction pathway, which activates a second messenger cas-
cade upon glutamate binding (Nakanishi & Masu, 1994). In mammals, the mGluR family consists of eight differ-
ent subtypes that can be classified into three distinct groups (I-III) based on their structural homology, pharma-
cological properties and second messenger cascade. While receptor subtypes -1 and -5 comprise the group I, 
mGluR2 and -3 are members of group II, and mGluR4, -6, -7 and -8 are constituting the group III. Group I mem-
bers are positively coupled to the phosphoinositol transduction pathway whereas group II and group III mGluRs 
are negatively linked to adenyl cyclase and thus downregulate cyclic nucleotide synthesis. Group III mGluRs can 
be distinguished from group II mGluRs due to their distinctive sensitivity for the agonist L-2-amino-4-
phosphonobutyrate (APB or L-AP4) (Pin & Duvoisin, 1995; Rosemond et al., 2004). 
By modulating signal transduction at pre- and postsynaptic sides, glutamate acting via mGluRs plays a crucial 
role in neuronal synaptic transmission. Consequently, mGluRs can be found in diverse neuronal cell types of the 
central and peripheral nervous system and they have been considered potential targets for therapeutic ap-
proaches in various neurodegenerative disorders (Byrnes et al., 2009; Knackstedt & Kalivas, 2009; Luscher & 
Huber, 2010; reviewed in Niswender & Conn, 2010).  
The functions of group I mGluRs have been especially well-studied as they are expressed in many excitatory 
synapses (reviewed in Ferraguti & Shigemoto, 2006). Group I mGluRs are implicated in long term potentiation 
(LTP) influencing plasticity of behavior, learning and memory. Moreover, mGluR-induced LTP might be linked to 
aspects of mental retardation as well as Parkinson’s and Alzheimer’s disease (reviewed in Luscher & Huber, 
2010). In this study, we cloned and phylogenetically characterized all members of the mglur family in the 
zebrafish Danio rerio. Similar to mammals, the zebrafish mGluR subtypes fall into the three distinct groups, how-
ever, mglur1, -2, -5, -6, and -8 are present as two paralogs. Using in situ hybridization, we analyzed their expres-
sion patterns during development and found a unique pattern for all mglurs in larval zebrafish. Paralogous genes 
show overlapping but also mutually exclusive expression domains, suggesting potential sub- or 
neofunctionalization between duplicated genes (Force et al., 1999). In addition, we studied gene expression pat-
terns of group I mglurs, namely mglur1a and -1b, as well as mglur5a and -5b, on brain sections of adult zebrafish 
in order to compare expression patterns between larval and adult stages. These transcript patterns, here exem-
plified for the cerebellum and the hypothalamus, show similarities between embryonic and adult zebrafish indi-
cating conserved functions throughout the stages. 
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2.3 Materials and Methods 
2.3.1 Fish maintenance and breeding 
Fish were kept under a 14h/10h light/dark cycle and bred as previously described (Mullins et al., 1994). The 
wild-type strain used for all studies was WIK. Embryos were raised at 28 °C in E3 medium and staged according 
to development in days post fertilization (dpf). Experiments were performed in accordance with the ARVO 
Statement for the Use of Animals in Ophthalmic and Vision Research and were approved by the local authorities 
(Veterinäramt Zürich TV4206). 
2.3.2 Annotation of mglur cDNAs 
As gene predictions within GenBank are produced by automated processes which have been shown to contain 
numerous errors, mGluR cDNA sequences used in this study were manually annotated. Sequences were identi-
fied and annotated using combined information from expressed sequence tags and genome databases 
(GeneBank, http://www.ncbi.nlm.nih.gov; Ensembl, http://www.ensembl.org/ index.html). Human and mouse 
sequences were used as initial query (for more details on sequence annotation see Gesemann et al., 2010). 
2.3.3 Phylogenetic analysis 
The phylogenetic analysis was performed on the Phylogeny.fr platform (http://www.phylogeny.fr) comprising the 
following steps (Dereeper et al., 2008). Sequences were aligned using MUSCLE (v3.7) (Edgar, 2004) configured 
for highest accuracy (MUSCLE with default settings). Sequences length varied between 727 and 1199 amino 
acids. After alignment, ambiguous regions (i.e. containing gaps and/or are poorly aligned) were removed using 
Gblocks (v0.91b) (Castresana, 2000). The following parameters were implemented. The minimum length of a 
block after gap cleaning was set to 5; positions with a gap in less than 50% of the sequences were selected in the 
final alignment if they were within an appropriate block; all segments with contiguous nonconserved positions 
bigger than 8 were rejected; minimum number of sequences for a flank position were 55%. After curation 703 
amino acids were chosen for further analysis. The phylogenetic tree was reconstructed using the maximum like-
lihood method implemented in the PhyML program (v3.0 aLRT) (Guindon & Gascuel, 2003). The default substitu-
tion model was selected assuming an estimated proportion of invariant sites (of 0.000) and 4 gamma-distributed 
rate categories to account for rate heterogeneity across sites. The gamma shape parameter was estimated direct-
ly from the data (gamma = 0.728). Reliability for internal branch was assessed using the aLRT test (Anisimova & 
Gascuel, 2006). Graphical representation and edition of the phylogenetic tree were performed with TreeDyn 
(v198.3) and the svg file imported into CorelDraw (version x4; Corel Corporation Ottawa, Canada) for final edit-
ing.  
2.3.4 Cloning of mglur full-length cDNAs 
Using the QIAShredder and the RNeasy kit (Qiagen, Hombrechtikon, Switzerland), the total mRNA of approxi-
mately 80 7-day-old wild-type zebrafish heads was isolated and reverse transcribed using oligo-dT primers 
(First Strand Kit; Stratagene, La Jolla, CA, USA). For Polymerase Chain Reaction (PCR) Taq polymerase (Taq Gold; 
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Applied Biosystems, Switzerland) and sequence-specific oligonucleotide primers were used (Tab. 1). Amplified 
DNA pieces were subcloned into the TOPO pCRII vector (TA Cloning Kit Dual Promoter; Invitrogen, Basel, Swit-
zerland) and subsequently sequenced. 
 
Table 1: 
Primer sites used for the generation of sense and antisense RNA probes. 
2.3.5 Whole mount in situ hybridization 
In vitro transcription of DNA probes was performed using the Roche DIG-RNA Labeling Kit (Roche Diagnostics, 
Rotkreuz, Switzerland). Probes longer than 1000 bp were hydrolyzed. To suppress pigmentation, embryos were 
treated with 3 μM PTU (1-phenyl-2-thiourea; Sigma-Aldrich, St. Louis, MO, USA). Zebrafish larvae were collected 
at 3 or 5 dpf, anesthetized on ice, and immediately fixed in 4% paraformaldehyde (PFA) in phosphate buffered 
saline (PBS, freshly prepared, pH 7.4) over night (ON) at 4 °C. Fixed tissue was washed twice for 5 min with PBT 
(PBS containing 0.1% Tween 20; Sigma-Aldrich) and dehydrated in a graded series of methanol/PBT mixtures 
each for 5 min at room temperature (RT). Larvae were stored at -20 °C in 100% methanol until required. Whole 
mount in situ hybridization was performed according to Thisse and Thisse (Thisse & Thisse, 2008) with slight 
adaptations of the protocol: permeabilization by proteinase K (10 μg/ml) was accomplished for 60 min for three-
day-old fish and for 75 min for five-day-old fish. From day two on TNT (100 mM Tris HCl pH 7.5, 150 mM NaCl, 
0.5% Tween 20) was used for all washing steps instead of PBT. AP-conjugated anti-DIG antibody (Roche) was 
diluted 1:5’000 in blocking solution (Roche) in TNT. After the staining was stopped, larvae were postfixed in 4% 
PFA in PBS ON at 4 °C. The next day, stained larvae were washed twice for 5 min in PBT and placed in successive 
dilutions of PBT/methanol and methanol/glycerol each for 5 min at RT to the final step of 100% glycerol (Sigma-
Aldrich). For obtaining optimal pictures, larvae were mounted on an adapted glass slide in 100% glycerol (Sig-
ma-Aldrich) and the DIC modus of a light microscope (Olympus BX61) and a color camera (ColorView IIIu; Soft 
Imaging System, Olympus) were used. Representative whole mount stained larvae were placed in 30% sucrose 
Gene Primer 5' to 3' Gene Primer 5' to 3'
mglur1a 1a_dr_1475s AGGAGATAGGCCGCTTTG mglur5b 5b_dr_-0001s ATGGTCATTTTGTGTTCTCTC
mglur1a 1a_dr_3479as AGTGATTGATTAATAAACAGCG mglur5b 5b_dr_3622as AACACCGCTTAGAATTTTCC
mglug1b 1b_dr_1497s GTGGCATGAAGGCATTTTG mglur6a 6a_dr_-0003s AGGATGTTTCGAGTTTTAAGC
mglug1b 1b_dr_3501as ACAAAAAGCTGCGGTAAATC mglur6a 6a_dr_1345s CGCGCTGTCAACTTTAATG
mglur2a 2a_dr_-0002s CCATGGCTCAGAGGTCAG mglur6a 6a_dr_1657as CGTCTGCTTGGAACTGATAG
mglur2a 2a_dr_2689as GGCAAACAAACAGGAATCC mglur6a 6a_dr_2424as TGCTGTGCCAAAGAAAATG
mglur2b 2b_dr_0141 GCACGAGAAGGGAAAAGG mglur6b 6b_dr_-0010s GCCAGCAACTATGACATCAC
mglur2b 2b_dr_2662 GTGATGACGGGATATAAAATTG mglur6b 6b_dr_1675as CATCACAGAGCTCACAATGC
mglur3 3a_dr_-0018s CTCTTCTGTCCTTAAACGATG mglur7 7a_dr_-0006s GAGACCATGGCTTGCTTTC
mglur3 3a_dr_1652as CAGGGCATGCAGGTAAAC mglur7 7a_dr_1745as GCCAGGAAGACTGAAATGAC
mglur4 4a_dr_-0001s CATGGGGAAAATGATTGG mglur8a 8a_dr_1300s AGCAACATCAATGGGAAAG
mglur4 4a_dr_1698as GTTAGGTCTCAAATCGAAGC mglur8a 8a_dr_2733as TCCTCATATGGCGTGATTG
mglur5a 5a_dr_0670s CACACTGAAGGGAATTATGG mglur8b 8b_dr_-0003s ACCATGTTGAGTGCCTTTG
mglur5a 5a_dr_1614s GACCTGCACTCCATGTAAAG mglur8b 8b_dr_2785as AGGATGTTCGCTCATATGG
mglur5a 5a_dr_1931as TTGGCAATGAGGCAGAAG
mglur5a 5a_dr_3581as GACATTTACAGCAGGATTTTG
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ON at 4 °C and embedded in cryomatrix (Tissue Tek O.C.T., Sakura, Zoeterwonde, NL) in an aluminum mold. 12 
μm thick transverse sections were cut using a Microm microtome (HM 550) collected on glass slides and cover-
slipped with Kaiser’s glycerol gelatine (Merck KGaA, Darmstadt, Germany). Images were taken in the bright field 
modus of a light microscope (Olympus BX61) and were processed and arranged using Adobe Photoshop and 
Adobe Illustrator CS5. 
2.3.6 In situ hybridization on sections 
Adult zebrafish were euthanized using tricaine (MS-222; Sigma-Aldrich) and iced water. The head was cut, brief-
ly washed in PBS and fixed in 4% PFA ON at 4 °C. After washing the tissue twice with PBT for 5 min at RT, it was 
placed in 30% sucrose ON and treated similar to the whole mount stained larvae. Eventually, 16 μm thick trans-
verse and sagital sections were cut and mounted on glass slides. In situ hybridization was performed as de-
scribed for larval fish, but proteinase K permeabilization time was reduced to 2.5 min and PBT was used for the 
washing steps and to dissolve the blocking reagent. The staining was stopped by a brief washing step with PBS 
pH 5.5 followed by two washing steps with PBS pH 7.4. Before the cover-slip was mounted, the stained tissue 
was postfixed in 4% PFA at RT for 1 h and washed twice with PBS pH 7.4. Images were taken with the DIC modus 
of a light microscope (Olympus BX61) and were processed and arranged using Adobe Photoshop and Adobe 
Illustrator CS5. 
 
2.4 List of Abbreviations 
A anterior thalamic nucleus 
ad adult 
ac anterior commissure 
ALLG anterior lateral line ganglion 
CC cerebellar crest 
CCe corpus cerebelli 
CeP cerebellar plate 
CePl lateral part of cerebellar plate 
CNS central nervous system 
CIL central nucleus of inferior lobe 
CM corpus mamillare 
CNS central nervous system 
CP central posterior thalamic nucleus 
Cpop commissural postoptica 
D dorsal telencephalic area 
Dc central zone of D 
Dd dorsal zone of D 
DIL diffuse nucleus of inferior lobe 
Dl lateral zone of D 
Dm medial zone of D 
DON descending octaval nucleus 
Dp posterior zone of D 
DP dorsal posterior thalamic nucleus 
DT dorsal thalamus 
E epiphysis 
EG eminentia granularis 
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EmT eminentia thalami  
ET entopeduncular nucleus 
FG facial ganglion 
FL facial lobe 
GCL ganglion cell layer (retina); granule cell layer (cerebellum) 
GG glossopharyngeal ganglion 
GT griseum tectale 
Ha habenula 
Hc (larvae) caudal hypothalamus 
Hc (adult) caudal zone of periventricular hypothalamus 
Hd dorsal zone of periventricular hypothalamus 
Hi intermediate hypothalamus 
Hr rostral hypothalamus 
Hv ventral zone of periventricular hypothalamus 
INL inner nuclear layer 
IO inferior olive 
l lateral tectal proliferation zone 
LCa lobus caudalis cerebellum 
lfb lateral forebrain bundle 
LH lateral hypothalamic nucleus 
LVe lateral ventricular recess of hypothalamus 
mn motor neurons 
ML molecular layer (cerebellum) 
MC mauthner cells 
MO medulla oblongata 
MOc caudal part of MO 
MOl lateral part of MO 
MOn nucleus in MO 
MON medial octavolateralis nucleus 
MOp posterior part of MO 
M2 migrated posterior tubercular area 
M3 migrated area of EmT 
Nln nucleus interpeduncularis 
NLV nucleus lateralis valvulae 
OA octaval area 
OB olfactory bulb 
OG otic ganglion 
ON optic nerve 
P pallium 
PCL Purkinje cell layer (cerebellum) 
PGa anterior preglomerular nucleus 
PGl lateral preglomerular nucleus 
PGm medial preglomerular nucleus 
PGZ (L1/2, L3) periventricular gray zone of TeO (layer 1/2, layer 3) 
PLLG posterior lateral line ganglion  
Po preoptic region 
poc postoptic commissure 
PPa parvocellular preoptic nucleus, anterior part 
PPp parvocellular preoptic nucleus, posterior part 
Pr pretectum 
PSp parvocellular superficial pretectal nucleus 
PT posterior tuberculum 
PTd dorsal part of posterior tuberculum 
PTN posterior tubercular nucleus 
PTv ventral part of posterior tuberculum 
PVe posterior recess ventricle of hypothalamus 
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RF reticular formation 
RVe rhombencephalic ventricle 
PVO paraventricular organ 
S subpallium 
Sd dorsal division of subpallium 
SFGS superficial gray/fibrous layer of TeO 
SO optic layer of TeO 
SR superior raphe 
Sv ventral division of subpallium 
T midbrain tegmentum 
TeO tectum opticum 
TeVe tectal ventricle 
TG trigeminal ganglion 
TL torus longitunidalis 
TLa torus lateralis 
TN tegmental nucleus 
TPp periventricular nucleus of PT 
TS torus semicircularis 
TVe telencephalic ventricle 
Va valvula cerebelli 
Val/m lateral/medial division of Va 
V ventral telencephalic area 
Vc central nucleus of V 
VG vagal ganglion 
Vl lateral nucleus of V 
VL vagal lobe 
VM ventromedial thalamic nucleus 
VT ventral thalamus 




2.5.1 mGluRs in the zebrafish Danio rerio  
The family of metabotropic glutamate receptors in mammals consists of eight different members which are cate-
gorized into three subgroups according to their sequence homology, pharmacology, and associated signal trans-
duction pathways (Pin & Duvoisin, 1995). Based on sequence similarity, we annotated and cloned 13 zebrafish 
mGluR family members. Except for some single nucleotide polymorphisms, sequencing of the amplified cDNA 
fragments revealed no significant alterations from our annotated sequences. We distinguished three distinct 
subgroups of zebrafish mGluRs which correspond to their mammalian counterparts (Fig. 1). While we found no 
evidence for a second zebrafish paralog of mglur3, -4, and -7, we detected two paralogs for mglur1, -2, -5, -6, and -
8. The location of duplicated mglurs on different chromosomes supports the notion that they originated from the 
teleost specific whole genome duplication rather from tandem duplication (Meyer & van de Peer, 2005; Ohno, 
1999; Postlethwait, 2007). 
 




Figure 1: Zebrafish mGluR subfamilies have retained duplicated genes. 
MGluR sequences of the following species were used in phylogenetic reconstructions: hs = Homo sapiens; mm = Mus musculus and 
dr = Danio rerio. While zebrafish mGluRs are shown in dark gray, mouse mGluRs are given in middle gray, and human mGluRs in 
light gray. As an outgroup the Drosophila melanogaster (dm) mXr receptor gene, which shares about 40% homology with verte-
brate mGluRs, was used. Note that except for mGluR3, -4, and -7 the zebrafish has retained gene duplicates for all other mGluRs. 
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2.5.2 Distinct expression patterns for mglurs in the larval and adult zebrafish nervous 
system 
To determine the expression pattern of members of the metabotropic glutamate receptor family, we performed 
in situ hybridization experiments on five-day-old zebrafish. An overview of mglur expressions in larval zebrafish 
is shown in Table 2. We generally followed the nomenclature of the zebrafish brain atlas of larval (Mueller & 
Wullimann, 2005) and adult (Wullimann et al., 1996) zebrafish and followed some modifications suggested by 
other authors (Bae et al., 2009; Wullimann & Mueller, 2004; Yamamoto et al., 2011; Mueller et al., 2006). 
Transcripts for both mglur1 paralogs are located in the region of the cerebellar plate (Fig. 2,3). However, the 
expression domains of mglur1a transcripts are broader and the expression levels appear to be higher compared 
to its paralog mglur1b. In the adult cerebellum, mglur1a is exclusively expressed in the Purkinje cells (PCL; Fig. 
4A1,A8-A11). In contrast, mglur1b is located in Purkinje cells but additionally in the granule cell layer of the cor-
pus cerebelli and in the lobus caudalis cerebelli (GCL, LCa; Fig. 4B1,B7-9). Expression of mglur1b in the 
eminentia granularis is seen throughout development (EG; Fig. 3) and persists into adulthood (Fig. 4B8). While 
mglur1a is strongly expressed in the olfactory bulb of the mature brain (OB; Fig. 4A1), expression in the larval 
telencephalon was found to be in the subpalliar region (Sd; Fig. 2J1) although at 3 dpf expression in the olfactory 
bulb cannot be excluded (OB, Sd; Fig. 2B,F). The faint mglur1a expression in diencephalic regions of zebrafish 
larvae (Fig. 2E,J,J2-4) stands in contrast to the strong labeling of diencephalic, especially hypothalamic, struc-
tures in the adult fish (Fig. 4A1,A6-11). mglur1b is largely expressed in the same diencephalic regions but shows  
an additional staining of the epiphysis at 5 dpf (E; Fig. 3G,I,I1). It is furthermore expressed in the lateral tectal 
proliferation zone as well as in the optic tectum, of three- and five-day-old larval zebrafish (l, TeO; Fig. 2A,D,E,I2-
5).  The optic tectum of adult fish shows mglur1b expression domains comparable to larval ones (TeO; Fig. 
4B1,B5-7) No mglur1b labeling, however, was found in telencephalic and medial to ventral diencephalic regions 
at larval stages in contrast to the adult CNS (Fig. 4B1,B4-8). Moreover, cells of the medial octavolateralis nucleus 











Figure 2: Expression pattern of mglur1a in three- and five-day-old zebrafish 
Expression of mglur1a transcripts detected by in situ hybridization in three-day-old whole mounts (A-F), five-day-old whole 
mounts (G-J) and the respective cross sections (J1-8) of the zebrafish head. At 3 dpf both the dorsal (A-C) and the lateral (D-F) 
views reveal strongest mglur1a expression in the telencephalon (OB and Sd) and the cerebellar region (Va, CeP) as well as in the 
retina (INL, GCL). Cross sections of five-day-old fish stained with the mglur1a riboprobe only reveal staining in the Sd but not in 
the OB (J1). In addition strong expression is also found in the cerebellum (Va, CeP) in both dorsal (G) and lateral (I) views as well 
as in cross sections (J5-7).Levels of the cross sections J1-7 are indicated in J. For abbreviations see list. Scale bar in A (applies to A-
F) and in G (applies to G-J) = 50 μm, scale bars in J1-8 = 20 μm. 
 
 




Figure 3: Expression pattern of mglur1b in three- and five-day-old zebrafish 
Expression of the mglur1b riboprobe detected by in situ hybridization in three- (A-E) and five- (F-I) day-old  fish larvae on whole 
mounts as well as on cross sections of five-day-old fish heads (I1-8). 
Whole mount expression of mglur1b in three-day-old fish in dorsal (A-C) and lateral views (D,E) shows strongest staining in the 
retinal ganglion cell layer (GCL) and the eminentia granularis (EG) of the cerebellum. In five-day-old fish the dorsal (F,G) and 
lateral (H,I) views show a similar pattern with highest expression in the eminentia granularis (EG). This expression is confirmed 
in cross sections (I6-7). In addition, distinctive expression of mglur1b is found in the lateral tectal proliferation zone (l), the 
epiphysis (E), and the cerebellar plate (CeP). Levels of the cross sections I1-7 are indicated in I. For abbreviations see list. Scale 
bar in A (applies to A-E) and in F (applies to F-I) = 50 μm, scale bars in I1-8 = 20 μm. 
 





Figure 4: Expression pattern of group I mglur1 paralogs in adult zebrafish brain 
mglur1 expression in sagital (A1,B1), retinal (A2,B2), and cross sections (A4-11,B4-9) of  5.5 months old zebrafish. 
While a sagital section (A1) shows mglur1a labeling in the olfactory bulb (OB), the dorsal and ventral telencephalic area (D, V), 
the central posterior thalamic nucleus (CP), the cerebellar region (CCe with PCL, ML, and GCL, LCa) as well as the hypothalamus 
(Hd, Hv, Hc, DIL), cross sections (A4-11) demonstrate that also lateral parts of the hypothalamic region (LH, TLa; A7-9) are 
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stained. In the retina cells of the proximal INL and the GCL are stained by the mglur1a riboprobe (A2). Prominent mglur1b ex-
pression in the dorsal (TeO, TL) and medial (TPp) diencephalon was seen a sagital section (B1). Compared to mglur1a an even 
broader part of the cerebellum shows mglur1b expression (CCe with PCL, ML, and GCL, LCa). While the INL of the retina, most 
likely the bipolar cells, reveals a strong labeling of mglur1b, expression in the retinal ganglion cell layer (GCL) is only weak (B2). 
The cross sections (B4-9) confirm the strong mglur1b labeling in the cerebellum (CCe with PCL, ML and GCL, LCa, EG; B7-9). They 
additionally show mglur1b expression in the caudal (Hc; B7) and dorsal (Hd; B8) hypothalamus. 
The levels of the sagital sections are illustrated at the bottom right of A1 and B1. Note that the axis of section A1 and B1 is slight-
ly moved laterally. Levels of the cross sections are indicated in A3 and B3. All scale bars = 100 μm. 
 
In larval fish mglur5 paralogs are strongly expressed in the pallium (P), in hypothalamic parts of the brain (Hi, 
Hr, DIL,TLA), and weakly expressed in the cerebellar plate (CeP) and the nucleus interpeduncularis (Nln; all in 
Fig. 5,6). Paralog specific staining for mglur5a can be found in a ventral part of the hindbrain, most likely in the 
inferior olive (IO, Fig. 5B,F,H,J,J7) The localization of mglur5a riboprobes in adult tissue highly resembles the 
larval situation. In adult fish a prominent labeling of dorsal telencephalic regions (Dd, Dm, Dl, Dp; Fig. 7A1,A4-6), 
hypothalamic structures (Hd, Hv, LH, CIL, DIL, TLa; Fig. 6A1,A8-11) and the nucleus interpeduncularis (Fig. 
7A11) was found. In lateral sections even cell bodies of the inferior olive are mglur5a positive (data not shown). 
While the weak labeling of the cerebellar granular cell layer seems unspecific because it is not consistent on all 
sections, labeling of Purkinje cells is observed (PCL; Fig. 7A1). In addition, the olfactory bulb (OB; Fig. 6A1) and 
the caudal part of the periventricular hypothalamus (Hc; Fig. 7A1,A10) is stained in adult tissue. In contrast to 
this, mglur5b reveals is broadly expressed in various parts of the diencephalon (DT, EmT, M2; Fig. 6), and the 
medulla oblongata (MO; Fig. 6) in three- and five-day-old fish. In the adult CNS, mglur5b expression is restricted 
to frontal brain regions such as the olfactory bulb and the dorsal and ventral telencephalic areas (OB, Vc, Vd, Vl, 
Vv; Fig. 7B1, B4-6). The periventricular gray zone of the optic tectum (PGZ; Fig. 7B8-12) and some diencephalic 
structures such as the preglomerular nucleus (PGl, PGm; Fig. 7B9), and hypothalamic nuclei (Hc, Hd, Hv, LH, TLa, 








Figure 5: Expression pattern of mglur5a in three- and five-day-old zebrafish 
Dorsal (A-D,G,H) and lateral (E,F,I,J) views of mglur5a expression in three- (A-F) and five- (G-J) day-old whole mounts and in 
cross sections of larval zebrafish at 5 dpf (J1-8). 
The mglur5a riboprobe strongly labels hypothalamic (Hr, Hi, TLa, DIL) and cerebellar structures (CeP, CePl, EG) as well as the 
pallium (P), the optic tectum (TeO) and the inferior olive (IO) in three-day-old fish larvae. This expression is consistent until 5 dpf 
where similar structures are labeled (G-J). Cross sections confirm the location of mglur5a in the pallium (P), the cerebellar plate 
(CeP), the hypothalamus (Hi, Hr, TLa, DIL), and the inferior olive (IO). Levels of the cross sections J1-7 are indicated in J. For 
abbreviations see list. Scale bar in A (applies to A-F) and in G (applies to G-J) = 50 μm, scale bars in J1-8 = 20 μm. 
 
 




Figure 6: Expression pattern of mglur5b in three-and five-day-old zebrafish 
Expression of mglur5a transcripts detected by in situ hybridization in three-day-old whole mounts (A-E), five-day-old whole 
mounts (G-I) and the respective cross sections (I1-9) of the zebrafish head. 
In dorsal (A-C) and lateral (D,E) views of three-day-old larvae stained with the mglur5b riboprobes a high expression in the 
region of the pallium (P), in hypothalamic structures (Hi, Hr, TLa, DIL), and throughout the mid- and hindbrain is seen. A weak 
expression is found in the inner nuclear layer of the retina (INL). At 5 dpf a similar broad distribution of mglur5b transcripts is 
visible in both dorsal (F,G) and lateral (H,I) views. Cross sections confirm the labeling of the pallium (P) and the hypothalamus 
(Hi, Hr, TLa, DIL) but show additional clear labeling in the olfactory bulb (OB) and in anterior parts of the diencephalon (Pr, DT, 
EmT, M2). Levels of the cross sections I1-8 are indicated in I. For abbreviations see list. Scale bar in A (applies to A-E) and in F 
(applies to F-I) = 50 μm, scale bars in I1-9 = 20 μm. 
 




Figure 7: Expression pattern of group I mglur5 paralogs in adult zebrafish brain 
mglur5 expression in sagital (A1,B1), retinal (A2,B2), and cross sections (A4-11,B4-12) of 5.5 months old zebrafish. 
The mglur5a riboprobe strongly labels the telencephalic region (OB, several parts of Dand V A1,A4-6), and layers of the optic 
tectum (SFGS and PGZ  in TeO; A1,A7-11). While expression in some ventral diencephalic regions (PTN, Hd, Hv, Hc, DIL, CM) is 
clearly seen in a sagital section (A1), the cross sections reveal additional staining in lateral hypothalamic regions (LH, TLa, CIL; 
A8-11). Moreover, some cell bodies of the inferior olive are mglur5a-positive (IO; A1). A retinal cross section reveals mglur5a 
expression in the medial INL where bipolar cell bodies are expressed (A2). mglur5b shows the most prominent expression in 
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several areas of the dorsal telencephalon (Dc, Dd, Dl, Dm, Dp; B1,B4-7) and the ventral telencephalic area (Vc, Vd, Vl, Vv; B1,B4-
6). Similar to its paralog, mglur5b reveals an expression in the medial INL of the retina (B2). Cross sections depict strong labeling 
in the olfactory bulb (OB; B4).Compared to sagital sections, a stronger labeling in hypothalamic regions is visible (Hv, Hd, Hc. LH, 
TLa, DIL; B9-12). Moreover, the periventricular grey zone of the optic tectum (PGZ; B9-12) reveals prominent mglur5b expres-
sion.The levels of the sagital sections are illustrated at the bottom right of A1 and B1. Note that the axis of section A1 and B1 is 
slightly moved to the lateral side. The levels of the cross sections are indicated in A3 and B3. All scale bars = 100 μm. 
 
The group II mGluRs in zebrafish consist of two mGluR2 paralogs and mGluR3. The mglur2a riboprobe labels 
cells in the olfactory bulb (OB), migrated neurons of the eminentia thalami (M3), as well as lateral parts of the 
cerebellar plate (CeP), and the trigeminal ganglion (TG). In addition, a weak staining in several parts of the mid-
brain (DT, VT, PTv) and in the caudal tegmentum/rostral medulla oblongata (T, MO; all in Fig. 8) is visible. Sec-
tions show additional mglur2a-positive cells in the eminentia granularis (EG; Fig. 8J7). Similar to mglur2a, 
mglur2b is expressed in the olfactory bulb, however, expression of this paralog is restricted to the medial part of 
the olfactory bulb (OB; Fig. 9). Besides that the paralogous genes do not share other expression domains. In the 
telencephalon, mglur2b is expressed in the pallium (P) and in a medial part of the olfactory bulb (OB; both in Fig. 
9). Their expression is restricted here to proliferative cells around the ventricular zones (TVe, TeVe, RVe), the 
epiphysis (E), the intermediate and caudal hypothalamus (Hi, Hc), the reticular formation (RF), and in a nucleus 
in the lateral part of medulla oblongata (MO; all in Fig. 9). In three-day-old larvae mglur2b is also expressed in a 
structure which might be the Mauthner cells (MC; Fig. 9C,F). To conclude, mglur2b is expressed in medial part of 
the olfactory bulb (Fig. 9), whereas mglur2a is expressed within the entire OB (Fig. 8). Otherwise, these two 
paralogous genes are expressed mutually exclusive in the brain of larval fish. 
Riboprobes for mglur3 highlight the ventricular boundaries of the larval zebrafish brain, ranging from the 
telencephalic- , to the tectal- , and the rhombencephalic ventricle (TeV, TeVe, RVe; all in Fig. 10). Even the lateral 
ventricular recess of the hypothalamus are faintly stainined (LVe; Fig. 10K4). Apart from that, mglur3 is also 
expressed in the pallium (P), the hypothalamus (Hi, Hc), the cerebellum (Va, CeP). Some weak mglur3 expression 
is found in the habenula (Ha), the migrated part of the posterior tubercular area (M2), and the superior raphe 









Figure 8: Expression pattern of mglur2a in three- and five-day-old zebrafish 
Expression of mglur2a transcripts in three- (A-F) and five- (G-J) day-old zebrafish whole mounts depicted in dorsal (A-C,G,H) and 
lateral views (D-F,I,J) as well as in cross sections through the head of five-day-old whole mounts (J1-8). 
Expression of mglur2a in three-day-old fish shows prominent labeling in the olfactory bulb (OB) but also in various parts of the 
diencephalon and the hindbrain (A-F). At 5 dpf mglur2a transcripts are expressed in similar regions as in three-day-old fish (G-J). 
Sections of mglur2a hybridized five-day-old larvae (J1-8) show highest expression in nuclei of the olfactory bulb nuclei (OB), in 
the migrated area of the eminentia thalami (M3), and in lateral cerebellar parts (CeP, EG). Besides that, mglur2a is expressed in 
inner retinal layers (INL and GCL) as depicted in J8. Levels of the cross sections J1-7 are indicated in J. For abbreviations see list. 
Scale bar in A (applies to A-F) and in G (applies to G-J) = 50 μm, scale bars in J1-8 = 20 μm. 
 




Figure 9: Expression pattern of mglur2b in three- and five-day-old zebrafish 
In situ hybridization of three- (A-G) and five- (H-K) day-old zebrafish larvae using the mglur2b riboprobe. K1-8 depict cross 
sections through a zebrafish at 5 dpf stained with mglur2b. 
Dorsal (A-D) and lateral (E-G) views of three-day-old whole mounts show high mglur2b expression in the telencephalon (OB, E, 
P), in specific diencephalic regions (DT, Pr, T, Hi, Hc), as well as the hindbrain (CeP, MO, MC, RF). In addition expression around 
ventricular zones is visible (TVe, TeVe, RVe). Five-day-old zebrafish tissues labeled with mglur2b transcripts (H-K) indicate a very 
similar expression pattern as at 3 dpf. The most prominent expression in found in regions around the telencephalic ventricle 
(TVe), in the hypothalamus (Hi, Hc), and the hindbrain (e.g. CeP, TS, RF). Cross sections of five-day-old fish stained with the 
mglur2b probe (K1-8) confirm its very distinct expression profile. Levels of the cross sections K1-7are indicated in K. For abbrevi-
ations see list. Scale bar in A (applies to A-G) and scale bar in H (applies to H-K) = 50 μm, scale bars in K1-8 = 20 μm. 
 




Figure 10: Expression pattern of mglur3 in three- and five-day-old zebrafish 
Expression of mglur3 transcripts in whole mounts at 3 (A-G) and 5 dpf (H-K) as well as in cross sections of a five-day-old larvae 
(K1-8). 
Dorsal (A-D) and lateral (E-G) views of a three-day-old zebrafish show strongest mglur3 labeling in the pallium (P), periventricu-
lar zones (TVe, TeVe, RVe) and in hypothalamic areas (Hi, Hc). At 5 dpf expression of mglur3 in dorsal (H,K) and lateral (J,K) 
views indicate a distinctive labeling in periventricular zones (TeV, TeVe, LVe) similar to the staining at 3 dpf. In addition the 
cerebellum (Va, CeP) and the hypothalamus are mglur3 positive as well. Sections of an mglur3 hybridized larvae at 5 dpf confirm 
the pronounced staining of all periventricular (TVe, TeVe, LVe, RVe) and some cerebellar (Va, CeP) and hypothalamic (Hi, Hc) 
regions. Additional expression is detected in the inferior olive (IO) and the inner retina (INL, GCL).Levels of the cross sections K1-
7 are indicated in K. For abbreviations see list. Scale bar in A (applies to A-G), and scale bar in H (applies to H-K) = 50 μm, scale 
bars in K1-8 = 20 μm. 
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Group III mglur4 transcripts are located in multiple regions of the CNS. The telecephalic part shows a staining in 
the olfactory bulb (OB), the dorsal division of the subpallium (Sd), and the preoptic region (Po; all in Fig. 11). 
Besides intense staining of the optic tectum (TeO) and the tegmentum (T), diencephalic regions (Ha, PT, Hr, Hi, 
TLa; all in Fig. 11) are also stained with the mglur4 riboprobe. The hindbrain reveals staining in the lateral cere-
bellar plate (CeP), in a lateral nucleus, and a broad part of the medulla oblongata (MO; all Fig. 11). In addition, 
mglur4 is strongly expressed in diverse cranial ganglia (TG, ALLG, FG, GG, VG, PLLG; all Fig. 11) at 3 and 5 dpf 
while expression in motor neurons (mn; Fig. 11A,E) is only found at 3 dpf. 
Expression of both mglur6 paralogs is limited in the CNS. The mglur6a probe strongly labels the habenula (Ha), 
the nucleus interpeduncularis (Nln), the lateral cerebellar plate (CeP), and the inferior olive (IO; all Fig. 12). In 
cross sections additional weak staining can be observed in the subpalliar region (Sd), in various parts of the di-
encephalon (between DT and PT, TeO, Hc) and in substructures of the medulla oblongata (MO; all Fig. 12). Be-
sides staining in some scattered neurons of the olfactory bulb (OB) and the habenula (Ha), mglur6b reveals 
strong labeling in the rostral part of the hypothalamus (Hr; all Fig. 13). Both mglur6 paralogs are highly ex-
pressed in inner retinal layers in both three- and five-day-old larvae (GCL, INL; Fig. 12,13). 
mglur7 transcripts are broadly expressed throughout the CNS in three- and five-day-old fish larvae. The telen-
cephalon shows staining in the pallium (P) and the preoptic region (Po; both Fig. 14). Further expression is visi-
ble in diencephalic regions such as the eminentia thalami (EmT), the migrated area of the EmT (M3), the posteri-
or tuberculus (M2), the optic tectum (TeO), the hypothalamus (Hr, TLa, DIL), and the nucleus of the inferior lobe 
(IO; all in Fig. 14). In addition, mglur7 transcripts can also be seen in cerebellar regions (CeP), two cranial ganglia 
(TG, VG), the nucleus interpeduncularis (Nln), and in a lateral part of the medulla oblongata (MO; all in Fig. 14). 
Although staining in the habenula (Ha) is not seen in the cross section I1 of Figure 14, other sections reveal 
mglur7 positive cells in this region (data not shown). In the retina mglur7 is highly expressed in inner layers 
(GCL, INL; Fig. 14I8). At 3 dpf, motor neurons of the hindbrain reveal a faint labeling (mn; Fig. 14A) but apart 
from that mglur7 expression in younger zebrafish larvae is identical to the one observed at 5 dpf. 
 




Figure 11: Expression pattern of mglur4 in three- and five-day-old zebrafish 
Expression of the mglur4 riboprobe detected by in situ hybridization in three- (A-F) and five- (G-J) day-old fish larvae on whole 
mounts as well as on cross sections of five-day-old fish heads (J1-8). 
Dorsal (A-C) and lateral (D-F) views of mglur4 expression in three-day-old fish reveals strong staining in the cranial ganglia (TG, 
ALLG, FG, VG, PLLG), in the olfactory bulb (OB), and in broad regions of the diencephalon (T, TeO) and the hindbrain (EG, MO, 
mn). Additional expression is seen in the inner nuclear layer (INL) and the ganglion cell layer (GCL) of the retina. At 5 dpf dorsal 
(G,H) and lateral (I,J) views show additional expression in the habenula (Ha). The cross sections through five-day-old fish heads 
stained with mglur4 probes (J1-8) confirm the broad labeling of brain structures but additionally show expression in the 
subpallium (Sd), the preoptic region (Po), the posterior tuberculum (PT), the cerebellum (CeP) and the hypothalamus (Hr, Hi, 
TLa). Levels of the cross sections J1-7 are indicated in J. For abbreviations see list. Scale bar in A (applies to A-F) and scale bar in 
G (applies to F-J) = 50 μm, scale bars in J1-8 = 20 μm. 




Figure 12: Expression pattern of mglur6a in three- and five-day-old zebrafish 
Expression of mglur6a transcripts detected by in situ hybridization on whole mount larvae at 3 (A-E) and at 5 dpf (F-I) as well as 
in cross sections (I1-8) throught the head of a five-day-old fish expressing mglur6a.Whole mount expression of mglur6a in 
zebrafish larvae at 3 dpf in dorsal (A-C) and lateral views (D,E) revealing an intense labeling of the retinal ganglion cell layer 
(GCL) and the habenula (Ha). Dorsal (F,G) and lateral (H,I) views and cross sections (I1-8) of five-day-old fish expressing 
mglur6a show additional staining in the subpalliar region (Sd), the thalamus (TeO, DT, VT, PT, T), the cerebellum (CeP), the 
nucleus interpeduncularis (Nln), and in two nuclei of the medulla oblongata (MO).Levels of the cross sections I1-7 are indicated 








Figure 13: Expression pattern of mglur6b in three- and five-day-old zebrafish 
Expression of mglur6b transcripts in three- (A-F) and five- (G-J) day-old zebrafish whole mounts depicted in dorsal (A,B,D,E) and 
lateral views (C,F,G) as well as in cross sections through the head of five-day-old whole mounts (G1-4). 
The mglur6b riboprobe strongly labels the retinal ganglion cell layer (GCL) and the medial (arrow) and the proximal part (ar-
rowhead) of inner nuclear layer (INL) at 3 dpf (A-C). Weak staining is also found in the olfactory bulb (OB) and the hypothala-
mus (Hr). Similar staining is found five-day-old larvae (D-G). Cross sections of a five-day-old larvae stained with the mglur6b 
riboprobe (G1-4) confirm labeling of few cells in the olfactory bulb (OB), the habenula (Ha), the rostral hypothalamus (Hr) as 
well as the inner retinal layers (GCL, INL; medial: arrow, proximal: arrowhead). Levels of the cross sections G1-3 are indicated in 















Figure 14 - Expression pattern of mglur7 in three-and five-day-old zebrafish 
In situ hybridization of three- (A-E) and five- (F-I) day-old zebrafish larvae using the mglur7 riboprobe. I1-8 depict cross sections 
through a zebrafish at 5 dpf stained with mglur7. 
Dorsal (A-C) and lateral views (D,E) of a fish larvae expressing mglur7 shows staining in broad regions of the CNS from the telen-
cephalon (P) over the diencephalon (Ha, M3, TeO) to the hindbrain (CeP, TG, MO, mn). Additionally, the vagal ganglion (VG) and 
two layers in the retina (INL, GCL) are stained. Expression of mglur7 transcripts in the CNS at 5 dpf is even broader compared to 
3 dpf as depicted in dorsal (F,G) and lateral (H,I) views of whole mount larvae. In cross sections (I1-8) prominent expression was 
found in the pallium (P), in diverse diencephalic structures such as the optic tectum (TeO) or the hypothalamus (Hr, TLa, DIL), in 
the nucleus interpeduncularis (Nln), in the cerebellar plate (CeP), in two cranial ganglia (TG, VG), and in the inner part of the INL 
and the GCL of the retina (I8). Levels of the cross sections I1-7 are indicated in I. For abbreviations see list. Scale bar in A (applies 
to A-E) and scale bar in F (applies to F-I) = 50 μm, scale bars in I1-8 = 20 μm. 
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mglur8a antisense RNA specifically labels the olfactory bulb (OB), the pallium (P, Sd), and the preoptic region of 
the forebrain (Po; all in Fig. 15). Transcripts are also found around migrated neurons of the eminentia thalami 
(M3), possibly in the ventral thalamus (VT?)and in the dorsal thalamus (DT), as well as in the optic tectum (TeO) 
the rostral part of the hypothalamus (Hr), and in the torus semicircularis (TS; all in Fig. 15). mglur8a expression 
in the hindbrain is confined to the cerebellar region (CeP) and parts of the medulla oblongata (MO; both in Fig. 
15). While mglur8a is expressed in the proximal part of the inner nuclear layer (INL) and in the ganglion cell 
layer (GCL; Fig. 15J8), its paralog is only found in the proximal INL (Fig. 16K8). Overall, mglur8b shows a similar 
but weaker expression than mglur8a (Fig. 16). It is expressed in some additional structures such as the habenula 
(Ha), the posterior tuberculum (PT), the anterior tegmentum (T), and two cranial ganglia (OG, PLLG; all in Fig. 
16). 
At larval stages, besides mglur2b and mglur5a, all mglurs are expressed in the zebrafish retina. A closer analysis 
of mglur5 paralogs in the adult retina reveals an expression of them in the inner nuclear layer (INL). In contrast 
to findings in mammals, mglurs are located in either the inner nuclear layer (INL), or the ganglion cell layer 





















Figure 15: Expression pattern of mglur8a in three- and five-day-old zebrafish 
Expression of mglur8a transcripts detected by in situ hybridization in three- (A-F) and five- (G-J) day-old fish larvae on whole 
mounts as well as on cross sections of five-day-old fish heads (J1-8). 
Whole mount expression of mglur8a in dorsal (A-D) and lateral views (E,F) at 3 dpf shows prominent labeling of the preoptic 
tectum (Po), the cerebellum (CeP), presumably motor neurons (mn) in the hindbrain as well as the retinal ganglion cell layer 
(GCL). Although the expression seems broader dorsal (G,H) and lateral (I,J) views of mglur8a labeled, five-day-old larvae reveal 
an expression in similar regions of the CNS as three-day-old larvae. Cross sections (J1-8) indicate prominent staining in 
diencephalic areas (e.g. Sd, DT, Po), the medial optic tectum (TeO), the lateral cerebellum (CeP), the  torus semicircularis (TS), 
and the medulla oblongata (MO).Levels of the cross sections J1-7 are indicated in J. For abbreviations see list. Scale bar in A (ap-
plies to A-F) and scale bar in G (applies to F-J) = 50 μm, scale bars in J1-8 = 20 μm. 
 




Figure 16: Expression pattern of mglur8b in three- and five-day-old zebrafish 
Expression of mglur8b transcripts in three- (A-G) and five- (H-K) day-old zebrafish whole mounts depicted in dorsal (A-D,H,I) and 
lateral views (E-G,J,K) as well as in cross sections through the head of five-day-old whole mounts (K1-8). 
At 3 dpf mglur8b is detected in broad regions of the CNS (A-G). Most prominent labeling is found in the olfactory bulb (OB), the 
optic tectum (TeO), the cerebellum (CeP), in motor neurons (mn) as well as in the retina (GCL, INL). The five-day-old whole 
mounts (H-K) reveal similar mglur8b expression. Cross sections (K1-8) confirm the broad expression of mglur8b in the 
diencephalic (e.g. M3, TeO, DT, PT) and hindbrain region (CeP, TS, MO) of five-day-old fish. In addition, these sections reveal 
mglur8b staining in two cranial ganglia (OG, PLLG). Levels of the cross sections K1-7 are indicated in K. For abbreviations see list. 
Scale bar in A (applies to A-G) and scale bar in H (applies to H-K) = 50 μm, scale bars in K1-8 = 20 μm. 
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Table 2: Overview of mglur expression in zebrafish. 

































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































While the mammalian genome contains eight mglur genes (Nakanishi & Masu 1994), we found 13 mGluRs to be 
present in zebrafish. This increase in number can be readily explained by the whole genome duplication in tele-
osts (Meyer & van de Peer, 2005; Ohno, 1999; Postlethwait, 2007). The high amino acid sequence similarity as 
well as the segregation of the 13 zebrafish mGluRs into the corresponding subgroups suggests functional conser-
vation of these receptors between zebrafish and mammals. Moreover, some of the mglur genes in zebrafish are 
known to be expressed in corresponding brain regions of mammals (reviewed in Ferraguti & Shigemoto, 2006), 
indicating that these genes are also similarly regulated. 
The 13 zebrafish mGluRs are expressed in different but overlapping regions of the developing CNS, best ex-
plained by the duplication-degeneration-complementation (DDC) model of Force and colleagues (Force et al., 
1999). This model explains the fate of initial redundant genes following genome duplications. Accumulation of 
mutations in regulatory regions may lead to a split in gene function among gene paralogs (subfunctionalization) 
or even to the uptake of a novel, non-redundant function of either one paralog (neofunctionalization). In the 
following paragraphs brain regions with prominent mglur labeling and their expression patterns are discussed 
particularly with those described for mammals. 
In this study we determined the expression patterns of every single mglur in the zebrafish central nervous sys-
tem (CNS). While expression of paralogous genes is overlapping in some brain regions, other areas are exclusive-
ly stained by the riboprobe of one paralog, suggesting evolutionary events such as sub- or neofunctionalization. 
Such events are best explained by the duplication-degeneration-complementation (DDC) model of Force and 
colleagues (Force et al., 1999). It states that accumulation of mutations in regulatory regions may lead to a split 
in gene function among gene paralogs (subfunctionalization) or even to the uptake of a novel, non-redundant 
function of either one paralog (neofunctionalization). In general, zebrafish mglur expression patterns often re-
semble the mammalian situation, which is also true for group I mglurs which were investigated in both adult as 
well as larval tissue. In the following paragraphs we will discuss how class I mGluRs expression patterns in the 
brain of zebrafish compare to orthologous gene expression patterns described for mammals. mglurs of other 
classes will be discussed in case they are prominently expressed in distinct brain regions.  
2.6.1 Group I mGluRs 
Group I mglurs are amongst the best studied members of the mglur family. Interestingly, our experiments indi-
cated that the distribution of group I mGluRs as described in the rodent brain (reviewed in Ferraguti and 
Shigemoto, 2006) is strikingly similar to those of their orthologous genes in the zebrafish CNS. This suggests that 
these receptors have conserved functions between different vertebrates. In addition, group I mglurs are similarly 
expressed in both larval and adult zebrafish, suggesting that mGluR functions are established early during devel-
opment. Early establishment may reflect the fact that neural circuits do not switch their receptor expression 
pattern once they have developed. The high resemblance between larval, adult as well as mammalian mglur 
transcript expression patterns speaks to the he possibility to use zebrafish across different developmental stages 
to study mGluR function. 
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In rats, mGluR1 expression is strongest in the olfactory bulb, hippocampus, thalamus and cerebellar Purkinje 
cells, mGluR5 expression is present in many telencephalic and thalamic regions as well as in the superior 
colliculus (reviewed in Ferraguti and Shigemoto, 2006). In contrast to mammals, zebrafish possess two mglur1 
and mglur5 paralogs each, so some of the functions may have been distributed onto only one paralogous gene. 
mGluR1 for example is involved in learning and memory in mammals (Aiba et al., 1994a; Gil-Sanz et al., 2008), a 
hypothesis that is supported by the expression of both mammalian mglur1 splice variants in the hippocampus 
(Martin et al., 1992; Baude et al., 1993; Ferraguti et al., 1998, 2004). In zebrafish, only mglur1a but not -1b is 
expressed in the lateral dorsal telencephalic area, the regions that corresponds to the mammalian hippocampus 
(Wullimann and Mueller, 2004b; Northcutt, 2006). We therefore hypothesize that a possible mGluR1 involve-
ment in learning and memory in this area is solely transferred onto the zebrafish mGluR1a. 
2.6.2 Olfactory bulb 
The OB of larval zebrafish reveals a prominent expression of several mglurs. While the riboprobes of group II and 
III mglurs 2b, -4, -6b, -7, and -8a only partially stain the OB, mglur2b and -8b are highly expressed in this struc-
ture. Expression of some mglurs in this region, for instance mglurs 2b and -8b, are highly similar, suggesting that 
many neurons of the OB express a variety of mglur subtypes. In addition, in the innermost layer of the OB in 
adult fish all four group I mglur genes are expressed. Therefore, the granule and periglomerular cells, located in 
this area, likely express different types of the group I mglurs. In contrast to that, larval tissue only reveals expres-
sion of the group I mglurs 1a and -5b in the OB, suggesting that the other two members function in the adult but 
not during development. 
The finding of such a variety of mglurs in the zebrafish OB is comparable to the situation in mammals, where 
expression for all mGluRs has been described (Dong et al., 2009; Vardi et al., 2011). Similar to our results in adult 
zebrafish, group I mGluRs are highly expressed in the granule cell layer of the rodent OB (Romano et al., 1995; 
Shigemoto et al., 1993; Sahara et al., 2001), where they likely participate in regulating the excitability of neurons 
(Jian et al., 2010; Heinbockel et al., 2007). In contrast to zebrafish, group I mGluRs are additionally located in 
other layers of the mammalian OB bulb (Shigemoto et al., 1992; Heinbockel et al., 2004; Sahara et al., 2001), 
mostly on mitral cells (Nakanishi and Masu, 1994; Saugstad et al., 1997; Ohishi et al., 1993; Sahara et al., 2001; 
Kinzie et al., 1997; Duvoisin et al., 1995) that convey information from the OB to higher brain regions. 
2.6.3 Optic tectum 
Organized in a layered structure, the optic tectum (TeO) mediates complex visually evoked behaviors by inte-
grating multisensory information (Nevin et al., 2010). Most retinal afferents enter the uppermost tectal layer 
where they make excitatory glutamatergic synaptic contact with interneurons (Kageyama & Meyer, 1989; van 
Keuren-Jensen & Cline, 2006). These send the information along vertically oriented dendrites into deeper tectal 
areas via inhibitory GABAergic or excitatory glutamatergic or cholinergic synapses (Kinoshita & Ito, 2006). As 
information is highly processed and filtered within tectal layers, recent research focused more on the investiga-
tion of distinct microcircuits (e.g. Del Bene et al., 2010; Ramdya & Engert, 2008). However, to understand circuit 
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formation and processing in this multilaminar structure, it is necessary to know about its general features such 
as neuron- or receptor subtypes. 
Besides mglur2b and -6b, all mglur subtypes show expression in the TeO of larval zebrafish. While group I mglurs 
are still expressed in the TeO at 5 dpf, they reveal a stronger and broader expression in three-day-old larvae, 
suggesting tight developmental regulation. In the adult zebrafish TeO group I mglurs are expressed at varying 
intensities in the layers of the periventricular grey zone (PGZ). Noteworthy is the prominent expression of 
mglur1b in the superficial gray/fibrous layer (SFGS). Group II mglur2a and -3 show a faint expression and group 
III mglur4, -6a, -7 and both mglur8 paralogs are strongly expressed in the TeO. Most published studies discuss 
expression but not function of mGluR family members in the superior colliculus, which is homologous to the TeO 
of non-anamniote vertebrates (e.g. Ohishi et al., 1993; Kinoshita et al., 1998; Cirone et al., 2002b). At the func-
tional level a contribution of mGluRs to the modulation of synaptic signaling in the superior colliculus of rats 
(Cirone & Salt 2000, 2001; Cirone et al., 2002a) and the TeO of chicken (Tasca et al., 1995) has been reported. 
However, except for a study demonstrating that visually evoked mGluR1-activation indirectly affects AMPAR 
synaptic plasticity, no functional details are known (van Keuren-Jensen & Cline, 2006). 
2.6.4 Hypothalamus 
The hypothalamus, located in the ventral part of the diencephalon, is the central organizing structure for the 
regulation of homeostatic functions. Various studies report the presence of mGluRs in the hypothalamus (Kiss et 
al., 1996; Schrader & Tasker, 1997; Chen & van den Pol, 1998; Pampillo et al., 2002; Panatier et al., 2004), imply-
ing a significant role for them in the modulation of signal transduction and thereby influencing homeostasis (re-
viewed in Kuzmiski & Bains, 2010). Given the conserved hypothalamic development of teleosts and mammals 
(Machluf et al., 2011), fish represent a suitable model to study hypothalamic function and signaling. 
In larval zebrafish a variety of mglurs are expressed in hypothalamic regions (mglur1a, -2b, -3, -5a, -5b, and all 
group III mglurs). Amongst them, the members of group I mGluRs seem to play crucial roles in various areas of 
the hypothalamus pathways (Caruso et al., 2006; Huang & van den Pol, 2007). Both mglur5 paralogs reveal a 
very prominent and defined expression in the rostral and intermediate hypothalamus as well as in the torus 
lateralis and the inferior lobe. In rats a physiological study demonstrates an influence of astrocytic group I 
mGluRs on synaptic plasticity of neighboring hypothalamic neurons (Gordon et al., 2009). Since the expression of 
both, mGluR1 and -5 in hypothalamic glia cells is described (Silva et al., 1999; van den Pol et al., 1995) it is likely 
that both receptors mediate plasticity. Besides that, group I mGluRs influence signal transduction in many other 
hypothalamic signaling pathways (Caruso et al., 2006; Huang & van den Pol, 2007; Dewing et al., 2007). The low 
expression of mglur1b in only a few adult hypothalamic structures indicates that in zebrafish the major role in 
hypothalamic signal modulation is likely controlled by mGluR1a, and the two mGluR5 paralogs. 
Group II mglur2b and -3 are strongly expressed in the caudal hypothalamus. However, neither an involvement in 
the modulation of GABA release in suprachiasmatic neurons of rats (Chen & van den Pol, 1998) no other specific 
functions have been described in the literature. Although expression of all group III mGluRs in the hypothalamus 
is described (Ghosh et al., 1997; Chen & van den Pol, 1998), specific functions for receptor subtypes are un-
known due to the lack of specific agonists (Schrader and Tasker, 1997; Chen & van den Pol, 1998; Panatier et al., 
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2004; Kuzmiski et al., 2009). The mRNA expression analysis demonstrates that all group III mglurs are present in 
the larval zebrafish hypothalamus albeit with a variation of the regions and the expression level. 
2.6.5 Cerebellum 
The most extensively studied mGluR in the cerebellum of mammals is mGluR1. Its knockout leads to problems in 
motor coordination and spatial learning (Aiba et al., 1994b; Conquet et al., 1994), demonstrating a crucial role in 
long term potentiation and –depression (Aiba et al., 1994b; Conquet et al., 1994). Consistent with that we find 
prominent expression for both mglur1 paralogs in the zebrafish cerebellum. At larval stages the cerebellar 
mglur1a-riboprobe detects cells that resemble a Purkinje cell staining of an antibody against Parvalbumin7 (Bae 
et al., 2009). In contrast to Parvalbumin 7, mglur1b is additionally expressed in a subpopulation of granule cells 
in the dorsal and lateral part of the cerebellum. The staining pattern for mglur1b seems to coincide partially with 
the vesicular glutamate transporter 1 (Vglut1), arguing for a presynaptic function as observed for Vglut1 (Bae et 
al., 2009). Expression of mglur1s in these regions persists into adulthood where both mglur1 transcripts are 
present in Purkinje cells, and the granule cell layer of the corpus cerebelli as well as the eminentia granularis are 
mglur1b-positive. Interestingly, human mRNA expression studies of mglur1 splice variants show only expression 
for certain variants in cerebellar granule, Purkinje and basket cells, whereas another isoform is exclusively pre-
sent in granule cells (Makoff et al., 1997). This suggests that the cerebellar subdivision of zebrafish mglur1 
paralogs may be similar to the subdivision of mglur1 splice variants in humans, even though in zebrafish the two 
variants originate from a whole genome duplication event and not from the same gene. The expression of mglur1 
in corresponding structures in fish and mammals may indicate some conservation in functional aspects of these 
receptors. While the ancestral gene presumably fulfilled the combined function of both paralogs, functions may 
have later been subdivided between the two paralogs by subfunctionalization (Force et al., 1999). Zebrafish 
mglur1 paralogs are also expressed in regions of the brain where the corresponding mammalian ortholog might 
not be expressed. However, as mglur1 variants have a very broad expression range it remains to be determined 
whether some of the zebrafish mRNA patterns are due to newly acquired gene functions. 
Similar to mGluR1, the second group I mGluR, mGluR5, is also in involved in synaptic plasticity of the cerebellum, 
although not in exactly the same way as is apparent when comparing the different phenotypes of knockout mice 
(Aiba et al., 1994b; Conquet et al., 1994; Lu et al., 1997). In line with that, we find mglur5a and -5b expression in 
the larval and adult zebrafish cerebellum, albeit not in such a broad manner as for the mglur1 paralogs. Moreo-
ver, except for mglur6b, we localize all mglur subtypes in at least parts of the cerebellar structures of zebrafish 
larvae. Since both group II (Ghose et al., 1997; Knoflach and Kemp, 1998; Watanabe and Nakanishi, 2003) and 
group III mGluRs are known to act in cerebellar signaling pathways (Pekhletski et al., 1996; Cartmell et al., 1997; 
Abitbol et al., 2008; Zhang et al., 2008), and are assumed to be involved in synaptic plasticity and motor learning 
(Anwyl, 1999; Zhu et al., 2005) the presence of transcripts for these mglur subtypes in the zebrafish cerebellum 
are hardly astonishing. However, an exception is mGluR6, which is expressed in lateral cerebellar regions of 5-
day-old zebrafish larvae but has not been reported yet to be present in developing or mature cerebellar struc-
tures in mammals (Berthele et al., 1999). 




Since glutamate is the main neurotransmitter in the retina, various mGluRs can be found in the eye. In other spe-
cies mGluRs have been shown to be involved in signal modulation of the first visual synapse (Higgs et al., 2002; 
Higgs & Lukasiewicz, 2002; Hirasawa et al., 2002; Hosoi et al., 2005). However, the zebrafish retina does not 
express any mglur in the outermost layers of the retina where photoreceptors (ONL) and horizontal cell bodies 
(outermost INL close to OPL) are located. 
Both mglur1 paralogs are expressed in inner retinal layers of larval zebrafish. While we could not detect any 
mglur5a transcripts in the larval retina, mglur5b shows a faint expression in the inner retina at 3 but not at 5 dpf. 
Expression of mglur1a and -5b is consistent between embryonic and adult tissue, whereas mglur1b and -5a are 
additionally expressed in the medial INL in adult retinas, indicating an additional role for these genes in adult-
hood. An immunohistochemical study performed in adult goldfish retinae showed expression of mGluR1α mainly 
in ON-bipolar cell dendrites (Joselevitch et al., 2007). This study also reported mGluR5 immunoreactivity in glia 
cells and in the OPL, INL, and IPL. While the expression pattern for zebrafish mglur1b is consistent with the one 
found for goldfish mGluR1α, the expression we found for the mglur5 paralogs is concentrated on the INL and 
does not resemble glia cell labeling. However, a direct comparison to our results is not possible since the anti-
bodies used by Joselevitch and colleagues were not specifically designed against teleost tissue and therefore also 
not against a specific mGluR paralog.  
Group II mGluRs are involved in the presynaptic inhibition of retinotectal transmission in goldfish (Zhang & 
Schmidt, 1999) which explains the presence of two of the three zebrafish group II mGluRs in the ganglion cell 
layer. However, as mGluR3 is – in contrast to our data – not expressed in the retina of cat and goldfish (Cai & 
Pourcho, 1999; Joselevitch et al., 2007), and as we could not find mglur2b-positive labeling in the larval fish reti-
na, this function seems to be exclusively mediated by zebrafish mGluR2a. In addition, the expression of mglur2 
mRNA in rat amacrine and ganglion cells (Hartveit et al., 1995) agrees well with the expression of mglur2a in the 
proximal INL and GCL.  
Other interesting differences in expression exist for the mglur6 paralogs: Vertebrate mGluR6 is known to be 
involved in the ON-bipolar cell signaling, being exclusively expressed in ON-bipolar cell dendrites (Nomura et al., 
1994; Hartveit et al., 1995; Masu et al., 1995; Ueda et al., 1997; Vardi & Morigiwa, 1997; Vardi et al., 2000). We 
only found expression of mglur6b in the medial INL, where bipolar cell bodies are located, whereas mglur6a is 
not expressed in this layer at larval stages. This suggests that the known function in the ON-bipolar cell pathway 
of the mammalian mGluR6 is fulfilled exclusively by the zebrafish mGluR6b in the larval retina. The expression of 
both mglur6 paralogs in the retinal bipolar cell layer of adult zebrafish (Huang et al., 2012) suggests – at least for 
mglur6a – a developmental regulation of gene expression in this retinal cell layer. Mglur6 paralogs may have 
separate roles in the ON-bipolar cell pathway. Since rods mature later than cones (Branchek & Bremiller 1984), 
one could envision a scenario where the cone ON-pathway mainly relies on mglur6b and the rod ON-pathway on 
mglur6a, which is not expressed until rods are functionally mature. MGluR6 was thought of being exclusively 
involved in the postsynaptic reception of the ON-pathway signal, however, our finding of mglur6 expression in 
the inner retina proposes an additional modulatory role (Huang et al., 2012). The fact that mglur6 was recently 
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detected in human retinal ganglion cell bodies (Klooster et al., 2011) indicates that this role might be more wide-
spread in vertebrates than originally anticipated. 
Various studies in mammals detected mglur8 throughout different retinal layers from the OPL to the GCL 
(Duvoisin et al., 1995; Koulen & Brandstätter, 2002; Duvoisin et al., 1995; Quraishi et al., 2007). Our expression 
analysis demonstrates an identical expression of both mglur8 paralogs in the inner part of the INL but only 
mglur8a is additionally expressed in the GCL and none of the paralogs is located in the outer retinal layers. The 
immunohistochemical analysis of mGluR8 in rats revealed a developmentally distinct expression, starting with 
the labeling of ganglion cell somata at postnatal day 5. Immunoreactivity in the OPL was only detected from 
postnatal day 10 on (Koulen & Brandstätter, 2002), however, analyzing larval zebrafish we locate mglur8 mRNA 
only in inner retinal layers, an expression in the outer retina at later stages cannot be excluded. 
The photopic retina of zebrafish is already highly developed and nearly fully functional at 5 dpf, when rods just 
begin to functionally integrate into the retina at that stage (Branchek, 1984; Branchek & Bremiller, 1984). A de-
velopmental regulation of gene expression – as proposed for mglur6b and the mglur8 paralogs – could explain 
the restricted expression pattern we find for most mglurs. Except for mGluR6, which directly acts as glutamate 
receptor in the ON-bipolar cell pathway (Masu et al., 1995), all other mGluRs are known to indirectly modulate 
synaptic signaling in the retina at pre- and postsynapses, for example by changing presynaptic calcium concen-
tration in photoreceptor synaptic terminals (Akopian & Witkovsky, 1996; Koulen et al., 1999) or even by directly 
influencing transmitter release (Hirasawa et al., 2002). However, the expression of almost all zebrafish mglurs in 
the retina shows their important impact in visual signal transmission. 
2.6.7 Conclusion 
Glutamate mediates most of the excitatory signaling of the nervous system and is of prime importance for the 
functioning of neuronal circuits. Knowledge of glutamatergic signaling, in particular of its receptors, helps deci-
phering underlying mechanisms and organizations of these circuits. Our detailed analysis of zebrafish metabo-
tropic glutamate receptors showed comparably broad expression in similar regions as their mammalian 
orthologs, implicating their significance in diverse neuronal functions. The paralogous zebrafish mglurs are all 
expressed in overlapping but also in exclusive brain regions, suggesting functional specialization. Moreover, the 
high coincidence between larval and adult gene expression makes larval zebrafish suitable as a model to study 
mGluR function and may helps to facilitate the disentanglement of neuronal circuits.  
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Figure S1: mGluR6 expression in the mglur6b-depleted zebrafish retina at 5 dpf 
Immunohistochemical analysis using the mGluR6b antibody confirms the downregulation of mGluR6b in the 5 dpf zebrafish 
retina. A: mGluR6b expression in a non-injected sibling. B: Injection of 2.5 ng mglur6b MO leads to an incomplete downregulation 
of the mGluR6b protein since a faint staining in the plexiform layers is still visible. C: 6.7 ng mglur6b antisense-RNA lead to a 








Figure S2: Cross-absorbance of the mGluR6b antibody 
A: Immunohistochemistry image of a cross section through a five-day-old larval retina 
stained with the original mGluR6b antibody (1:200). B: Confocal image of a larval retina at 
5 dpf stained with the cross-absorbed mGluR6b antibody (1:150). For further description see 
Figure 3. Scale bar in B = 20 μm (applies for A and B). C: Dot-blot analysis showing the in-
creased specificity of the cross-absorbed mGluR6b antibody. 1 µg of mGluR6a (6a) and 
mGluR6b (6b) epitopes were pipetted on nitrocellulose membranes (0.45 μm; Bio-Rad, 
Reinach, Switzerland) and incubated with the non cross-absorbed and the cross-absorbed 
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4.1 Abstract 
In the retina two different pathways mediate the sense of light increments and light decrements and thereby 
build the basis for contrast vision. Since glutamate is the sole neurotransmitter used in the first visual synapse, 
these ON- and OFF-pathways need two opposed glutamate receptors to fulfill their function. The ON-pathway is 
mediated via the inhibitory metabotropic glutamate receptor 6 (mGluR6) expressed on dendrites of bipolar cells. 
Its intracellular second messenger cascade is gated via a G-protein and closes a constitutively open cation chan-
nel (TRPM1) which finally hyperpolarizes the ON-bipolar cell when light decreases. Pharmacological and elec-
trophysiological investigations in lower vertebrates suggest the involvement of excitatory glutamate transport-
ers (EAATs) in ON-signaling. These are able to hyperpolarize ON-bipolar cells via a chloride conductance. Yet, the 
exact contributions of mGluR6 and EAATs to the ON-response are unknown. It is hypothesized that short wave-
length cones and rods mainly elicit the mGluR6 pathway. In our study we use the vertebrate model zebrafish to 
shine more light on mGluR6 and EAAT mediated ON-signaling. First, we investigate the mGluR6 signaling path-
way and found that all members of the transduction cascade are present in ON-bipolar cells. Hence, the mGluR6 
pathway seems to be conserved in zebrafish. Analysis of mGluR6a in larval and adult zebrafish showed protein 
localization in the outer plexiform layer of adults as well as the inner retina in both larvae and adults. Investiga-
tion of photoreceptor terminals with the zebrafish specific mGluR6a and -6b antibodies revealed that both 
paralogs are expressed in rod photoreceptor terminals. Moreover, mGluR6b-positive dendrites contact all cone 
subtypes and mGluR6a expression was found at least in doublecone terminals. This suggests that the different 
ON-responses measured for short and long wavelengths originate from other effects such as different glutamate 
affinity rather than a different distribution of mGluR6s. 
EAAT7 was found to be expressed on bipolar cell dendrites and its downregulation leads to a diminished 
photopic ERG ON-response in zebrafish, similar to the downregulation of mGluR6b. Here, we show that the 
knock down of both proteins, EAAT7 and mGluR6b, significantly reduces the ON-response even more compared 
to the single knock downs. The persisting small b-wave suggests the involvement of other receptors in the 
zebrafish cone ON-signaling. 
In summary, this study contributes to the understanding of zebrafish ON-signaling. It helps to unravel the rela-
tive contributions of both mGluR6 paralogs and EAATs to the ON-response but also shows the complexity of 
retinal signaling at the first visual synapse. 
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4.2 Introduction 
The vertical visual stream through the retina is divided into an ON- and OFF- pathways already in the outer 
plexiform layer (OPL), responding to light increments or decrements, respectively. Two distinct glutamate recep-
tor subtypes present at bipolar cell dendrites mediate these opposing responses. A light decrease results in an 
increased glutamate release from photoreceptors which leads to the opening of AMPA/kainate types of 
ionotropic glutamate receptors that depolarize the following OFF-bipolar cell (Saito & Kaneko, 1983). On the 
other hand, an increase in glutamate also turns on the inhibitory glutamate receptor 6- (mGluR6-) pathway 
(Larison & Bremiller, 1990). After glutamate binding to mGluR6, intracellular G-protein signaling leads to the 
closure of the transient receptor potential channel TRPM1 (Shen et al., 2009; Morgans et al., 2009). A Go class of 
G-protein interacts with the channel (Weng et al., 1997; Dhingra et al., 2002), however, whether interaction oc-
curs via the Gαo or Gβγ subunit is still unclear (Koike et al., 2010; Shen et al., 2012; Tummala et al., 2012). Be-
sides that, nyctalopin (NYX), a cell-surface leucine-rich proteoglycan, is proposed to place mGluR6 and the 
TRPM1 channel to its correct position in the membrane (Cao et al., 2011; Pearring et al., 2011). Mice lacking any 
of the above mentioned members involved in the signaling cascade show no ERG b-wave reflecting their essen-
tial involvment in generating the ON-response (Masu et al., 1995; Dhingra et al., 2002; Shen et al., 2009; Morgans 
et al., 2009; Gregg et al., 2003). In humans, mutations in these genes manifest in congenital stationary night 
blindness (CSNB) (Bech-Hansen et al., 2000; Zeitz et al., 2005; Dryja et al., 2005; van Genderen et al., 2009; Audo 
et al., 2009). 
Due to its cone-dominated larval retina and the ease of conducting loss-of-function studies followed by visual 
performance testing (Nasevicius & Ekker, 2000; Seeliger et al., 2002; Neuhauss, 2003; Fleisch & Neuhauss, 
2006), the zebrafish emerged during the last decade as a very attractive model in vision research. In a recent 
study we identified two mGluR6 paralogs in zebrafish of which at least one, mGluR6b, is participating in photopic 
ON-signaling (Huang et al., 2012). Although it is generally believed that the mGluR6 pathway mediates the full 
retinal ON-response, data from lower vertebrates suggest an involvement of glutamate transporters (excitatory 
amino acid transporters, EAATs) that enable sign inversion via an increase in chloride conductance (Nawy & 
Copenhagen, 1987; Grant & Dowling, 1995, 1996; Wong et al., 2004; Wong et al., 2005a; Wong et al., 2005b; 
Wong & Dowling, 2005). Some studies support the hypothesis that mGluR6 mostly mediates scotopic ON-
responses whereas EAATs fulfill their main task in the cone mediated ON-signaling (Nawy & Copenhagen, 1987; 
Grant & Dowling, 1995, 1996; Wong et al., 2005a) but other findings clearly show that a fundamental part of the 
photopic ON-response in lower vertebrates involves mGluR6 (Saszik et al., 2002; Nelson & Singla, 2009; Huang et 
al., 2012). This hypothesis is supported by the notion that blocking of the photopic ERG b-wave has the largest 
effect in the UV- and blue-light range (Saszik et al., 2002; Nelson & Singla, 2009). Taken together, it is hypothe-
sized that the ON-signal of short wavelength cones is predominantly mediated by mGluR6 and long wavelength 
cones contact ON-bipolar cells which mainly express a glutamate transporter. Moreover, rod ON-signals are like-
ly to fully rely on mGluR6 signaling. In this case the ON-response generated by long wavelengths should be ma-
jorly mediated via EAATs. A recent study in our lab found EAAT7 to be located in the postsynaptic outer 
plexiform layer (OPL) and depletion leads to a reduced photopic ON-response (Maurer, 2010) similar to 
mGluR6b (Huang et al., 2012). However, we still do not know to what extend mGluR6s and/or EAATs contribute 
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to the zebrafish ON-response. In our study we make use of the cone dominant retina of larval zebrafish for inves-
tigating the involvement of the mGluR6- and the EAAT-pathway to the photopic ON-response. 
Before we directly addressed this question, we investigated the members of the mGluR6 signaling cascade and 
find that they all colocalize in ON-bipolar cells of adult zebrafish, suggesting a conservation of the signaling 
pathway in zebrafish. This validates the zebrafish as model in vision research and enables, combined with the 
available pharmacological and genetic tools, a thorough analysis of the vertebrate ON-pathway. Next we local-
ized mGluR6 protein in photoreceptor terminals to find an explanation for the larger contribution of short wave-
length cones to the metabotropic ON-response. Our results reveal that all photoreceptors including rods contact 
mGluR6-positive bipolar cells. This result suggests that the larger effect of UV- and blue-cones to the metabo-
tropic ON-response is not mediated via photoreceptors contacting different receptor subtypes. Hence, other 
mechanisms such as a different amount or location of receptors on the dendrites or different glutamate affinity 
are more likely explanations. By depleting both mGluR6b and EAAT7 in larval fish we found a significant de-
crease in b-wave amplitude compared to the single knock downs, however, a small remaining b-wave was still 
visible. This suggests that both mGluR6b and EAAT7 are involved in the generation of the zebrafish ON-response 
but at least one other so far unknown protein is participating as well. This might be mGluR6a, the second 
mGluR6 paralog, or one of the other zebrafish EAATs, most likely one of the EAAT5 paralogs. 
 
4.3 Material and Methods 
4.3.1 Fish maintenance and breeding 
Zebrafish (Danio rerio) were kept under standard conditions at a 14h/10h light/dark cycle at 28°C. Embryos 
were raised at 28 °C in E3 medium (5 mM NaCl, 0.17 mM KCl, 0.33 mM CaCl2, 0.33 mM MgSO4, 0.01% methylen 
blue) and staged according to development in days post fertilization (dpf). Wild-type fish of the strain “WIK” 
were used in this study. All examinations were performed in accordance with the ARVO Statement for the Use of 
Animals in Ophthalmic and Vision Research and were approved by the local authorities (Veterinäramt Zürich 
TV4206). 
4.3.2 In situ hybridization 
4.3.2.1 Probe preparation 
Cloning of the mglur6 and gnao genes into the pcRII vector (Invitrogen, Zug, Switzerland) is described elsewhere 
(Huang et al., 2012). Additionally, plasmids containing the trpm1a, trpm1b or nyx gene were generated using the 
following primers: trpm1a fwd 5’-GCAGGAGAAATGGTCGGT-3’, rev 5’-GGGCGAAGGAAATGATGT-3’; trpm1b fwd 
5’-AGAGGGCATGGATTGAAAGG-3’, rev 5’-GGTTTGGTAGGGTCGTGT-3’ and rev 5’-TCACACACCACCACAGGCA-3’; 
nyx fwd 5’-GCACATGCACTCAGGAGAAG-3’, rev 5’-CGATTCTCTTGCAAGTTGAGG-3’ and fwd 5’-
GGCTTGCACACGCTCCT-3’, rev 5’-AGTCTGAGAAGCACCGAACA-3’. Plasmids were linearized for T7 and Sp6 in 
vitro transcription and column purified (Macherey-Nagel, Oensingen, Switzerland). DIG- and DNP-labeled probes 
were generated using kits (DIG-RNA labeling kit; Roche, Basel, Switzerland and DNP-11-UTP, NEL555; Perkin 
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Elmer, Waltham, MA, USA). Transcripts longer than 1 kb were hydrolyzed to obtain fragments of approximately 
300 - 500 nucleotides of length. As working probes a mixture of non-hydrolyzed (2 ng/ul) and hydrolyzed (1 
ng/ul) probe were used. 
4.3.2.2 Fluorescent in situ hybridization (FISH) 
For the first three days of the double-FISH we used a protocol described elsewhere for single-FISH (Huang et al., 
2012). In our double-FISH, the DIG-antibody and the tyramide-Alexa488 working solution (TSA kit #12; Molecu-
lar Probes, Life Technologies, Zug, Switzerland) were used first. After the first staining step, the staining solution 
was washed away with PBT and the sections were again incubated in 1% H2O2 in PBT to inactivate the peroxi-
dase activity of the first antibody. Since we always used the DNP-11-UTP ribonucleotides as second antisense 
probe, a 1:200 dilution of the HRP-conjugated anti-DNP antibody (TSA Plus DNP System, NEL747A; Perkin 
Elmer) was applied ON at 4°C after a second round of blocking. The next day, all sections were washed again 5 
times for 10 min in PBT before performing the second staining step similar to the first one using a different 
Alexa-conjugated tyramide (Alexa555 or Alexa568; Molecular Probes). Subsequently, the slides were washed 3 
times for 10 min in PBT and coverslipped with Kaiser’s glycerol gelatine (Merck KGaA, Darmstadt, Germany). 
Images were taken with a confocal microscope (CLSM Leica SP 5; Leica Microsystems GmbH, Wetzlar, Germany) 
and Z-stacks of 2-3 images were produced in Imaris (X64; Bitplane, Zurich, Switzerland). Finally, all images were 
processed and arranged with Adobe Photoshop and Illustrator CS5. 
4.3.3 Generation of antibodies 
An mGluR6a-specific peptide was chosen for immunization. Guinea pigs (Eurogentec S.A., Seraing, Belgium) were 
immunized with the peptide CKSINEKQNGETKIEPDRTQ (874-893, amino acids in bold represent sequence 
identity with zebrafish mGluR6b) that recognizes the C-terminus of mGluR6a. The final bleeds were affinity puri-
fied against the respective peptide by Eurogenetec. To increase specificity, the mGluR6a antibody was cross-
absorbed against the respective mGluR6b-epitope using CNBr-activated sepharose (4B; GE Healthcare, Little 
Chalfont, UK). Specificity was tested on dot-blots (Supplemental Figure 1). 
4.3.4 Immunohistochemistry 
Immunohistochemical labeling of adult zebrafish retinal slices was performed as previously described (Fleisch et 
al., 2008) with the difference that blocking solution was applied for 1 hour. Besides the wild-type fish “WIK” 
transgenic lines with GFP-labeled photoreceptor subtypes were used (Takechi et al., 2003; Takechi et al., 2008; 
Tsujimura et al., 2007). The final concentration of the cross-absorbed mGluR6a antibody was 1:100. The 
mGluR6b antibody was used as described elsewhere (Huang et al., 2012). Additionally, specific doublecone label-
ing was performed using the Zpr1 antibody at a concentration of 1:250 (Larison & Bremiller, 1990). The immu-
noreactions were visualized by using the appropriate fluorescently labeled secondary antibody (Alexa Fluor 488 
anti-mouse 1:1000 in PBS, Alexa Fluor 568 anti-rabbit or anti-guinea pig 1:500 in PBS, all from Molecular 
Probes). Labeling of GFP-positive cells was increased with a chicken-anti GFP-antibody (1:700, A20162; Invitro-
gen) in combination with Alexa Fluor 488 (1:1000; Molecular Probes). Slides were imaged by confocal microsco-
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py (CLSM Leica SP 5), z-stacks were viewed and processed in Imaris (Bitplane) and images were arranged in 
Adobe photoshop and illustrator CS5. 
4.3.5 Targeted gene knock down using Morpholino 
Downregulations of mGluR6b and EAAT7 were accomplished as previously described (Huang et al., 2012; 
Maurer, 2010). For the knock down of EAAT7 an antisense morpholino oligonucleotide (MO) designed against 
the translational start site was used (5’-AAATGTTTATTCGTCATGTTATCTG-3’) and the knock down was con-
firmed by western blot (data not shown). Additionally, a standard control-MO was used (5’-
CCTCTTACCTCAGTTACAATTTATA-3’). All morpholinos were purchased from Gene Tools (Philomath, Oregon, 
USA). Prior to use, the stock solutions of the MOs were heated at 65°C for 5 min before dilution in ddH2O contain-
ing 0.2% phenol red. Embryos were injected in the one-cell stage with either the mglur6b, the eaat7 or a combi-
nation of both MOs. Injections were performed as described (Westerfield, 2000) by using a manual micromanip-
ulator and a pressure pump (both Eppendorf, Schönenbuch, Basel). 
4.3.6 Electroretinogram measurements 
ERG measurements were performed as previously described (Makhankov et al., 2004). Briefly, after dark adapta-
tion for at least 30 min, larvae were set on a sponge soaked with blank E3 medium (5 mM NaCl, 0.17 mM KCl, 
0.33 mM CaCl2, 0.33 mM MgSO4). While the reference electrode was placed beneath the fish, a recording elec-
trode with a tip diameter of 25 to 30 µm filled with blank E3 was placed in the middle of the cornea. Stimuli of 
100 ms with an interstimulus interval of 5 sec were applied, starting with the lowest light intensity (log 0 corre-
sponds to 6800 lux or 72 W/m2). Statistical analysis was performed in GraphPad Prism 5 (GraphPad Software, La 
Jolla, CA, USA). 
 
4.4 Results 
4.4.1 Colocalization of mglur6 pathway genes in adult zebrafish 
Recently, we have shown that one mGluR6 paralog, mGluR6b, is located in ON-bipolar cell dendrites and that its 
downregulation leads to a diminished ON-response in larval zebrafish (Huang et al., 2012), a similar effect as has 
been described in mammals (Masu et al., 1995). Up to now it is unknown whether the same molecules as in 
mammals are involved in the zebrafish mGluR6 mediated ON-signaling. We performed a double-fluorescent in 
situ hybridization (FISH) study on adult zebrafish retinal slices with molecules described to be involved in the 
mammalian mGluR6 pathway. Since they all have been described to be expressed in the INL we investigated the 
colocalization of both mglur6 and trpm1 paralogs, nyx as well as one of the Gαos (gnaob) (Huang et al., 2012; 
Bahadori et al., 2006; Kastenhuber et al., 2012). Our data reveal a colocalization of mglur6a with mglur6b, gnaob, 
and trpm1a (Fig. 1A-C, arrowheads) and of trpm1a with mglur6b and nyx (Fig. 1D,E, arrowheads). The two trpm1 
paralogs seem not to colocalize in ON-bipolar cells. While trpm1a riboprobes clearly stain cell bodies in the me-
dial INL, trpm1b expression was rather found around the trpm1a-positive cells or in the proximal INL (Fig. 1F). 




Figure 1: Colocalization of mglur6 pathway genes labeled by fluorescent in situ hybridization. 
A-F: Z-stacks of 2-3 images of adult zebrafish retinal slices taken with a confocal microscope. A: The arrowheads point to bipolar 
cell soma where mglur6b in green and mglur6a in magenta colocalize. While mglur6a labeling is restricted to the medial INL, the 
mglur6b riboprobe additionally labels cell bodies in the proximal INL (arrows). B: The α-subunit of the G-protein (gnaob) in 
green is located in the same ON-bipolar cells as mglur6a in magenta (arrowheads). C: mglur6a (green) colocalizes with trpm1a 
in ON-bipolar cells (arrowheads), however, for some cell bodies it is not distinguishable whether exactly the same soma or two 
different cell bodies next to each other are labeled (arrow).  D: The mglur6b riboprobe in green is expressed in the same cells 
where trpm1a (magenta) is located (arrowheads). E: The cation channel trpm1a in magenta colocalizes with nyx in green in the 
medial INL (arrowheads). F: Both trpm1 channels are expressed in the INL. While trpm1a in magenta clearly labels ON-bipolar 
cell soma (arrowheads), trpm1b (green) is only marginally expressed in the medial INL but rather labels structures in the proxi-
mal INL. All images reveal the whole inner nuclear layer (INL) as depicted in D. Scale bars = 10 µm. 
 
4.4.2 Analysis of photoreceptor-to-ON-bipolar cell contacts 
The effect of a group III mGluR blocker on the ERG is largest in the short wavelength range which suggests that 
UV- and blue-cones primarily use mGluR6 to generate their ON-response and long wavelength cones rely mainly 
on EAATs (Saszik et al., 2002). This mechanism could be mediated via different photoreceptors that are in con-
tact with ON-bipolar cells expressing either mGluR6s or EAATs on their dendrites. To answer this question we 
investigated which photoreceptor subtypes contain mGluR6-positive labeling within their synapses. Both 
mGluR6 paralogs are located in the outer plexiform layer (OPL) of adult fish where bipolar cell dendrites are 
located (Fig. 2B; Huang et al., 2012). Larval fish however seem not to express mGluR6a in the OPL but rather 
reveal a confuse labeling in cells around the inner plexiform layer (IPL, Fig. 2A). In adults an additional expres-
sion is found in the ganglion cell layer (GCL) and in an ON- and an OFF-layer of the IPL. Labeling in photoreceptor 
cell bodies (ONL) is unspecific. 
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Figure 2: Retinal expression of mGluR6a in larval and adult zebrafish. 
Immunohistochemical labeling of mGluR6a on larval (A) and adult (B) retinal cross-sections. A: The mGluR6a-specific antibody is 
expressed in cells of the proximal INL and the GCL in five-day-old zebrafish larvae.  B: Expression of mGluR6a in the adult retina. 
A punctuated expression is seen in the OPL as well as in the ON- and the OFF-layer of the IPL. mGluR6a is also weakly expressed in 
cells of the GCL. The expression in the ONL was found to be an unspecific background labeling of the photoreceptors. GCL: gangli-
on cell layer; INL: inner nuclear layer; IPL-OFF: off-layer of the inner plexiform layer; IPL-ON: on-layer of the inner plexiform 
layer; ONL: outer nuclear layer; OPL: outer plexiform layer. Scale bars = 20 µm. 
 
We raised zebrafish specific mGluR6a and -6b antibodies and performed doublelabelings  with the Zpr1 antibody 
as a marker for doublecones. Additionally we performed immunolabelings on retinal sections of transgenic fish 
that express GFP under a number of different opsin promoters (Takechi et al., 2003; Takechi et al., 2008; 
Tsujimura et al., 2007). By taking confocal images of the OPL where photoreceptors contact bipolar cells we were 
able to detect mGluR6-positive synaptic spherules or pedicles. Our analysis reveals that all SWS1 (UV-cones) 
(Fig. 3G), all SWS2 (blue-cones) (Fig. 3H), and all RH2-2 (green-cones) (Fig. 3I) show mGluR6b labeling within 
their synapses. When zooming through the Z-stacks, every single synaptic terminal appears to be in contact with 
a postsynaptic mGluR6b. Additionally, a double labeling with Zpr1, a marker for red-green doublecones, reveals 
that already at larval stage all doublecones maintain mGluR6b within their spherules (Fig. 3C). Moreover, all rods 
of larval and adult zebrafish contain mGluR6a- and -6b-positive bipolar cell dendrites in their pedicles (Fig. 
3A,B,D,E). For mGluR6a we have only investigated double labeling with Zpr1 and found, similar to mGluR6b, that 
these cones contact mGluR6a-positive ON-bipolar cell dendrites as well. When applying both mGluR6 antibodies 
we find that they colocalize at some spots but not at others in the OPL (Fig. 3J). However, the different localiza-
tion of mGluR6a and -6b does not automatically imply the localization in different cells, since we cannot assign 
individual dendrites to a specific bipolar cell. 
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Figure 3: All photoreceptor terminals contact mGluR6a- and/or mGluR6b-positive cells. 
A-J: Z-stacks taken with a confocal microscope of five-day-old (A-C) and adult (D-J) zebrafish retinal slices. A,B: RH1-3 transgenic 
zebrafish larvae expressing GFP in their rods show that all rods contact mGluR6a- (A) and mGluR6b- (B) positive bipolar cells. C: 
A double-labeling with the red-green doublecone marker Zpr1 in five-day-old fish reveals mGluR6b staining in each synaptic 
terminal. D,E: Similar to the larvae, all rod pedicles of adult fish show mGluR6a (D) and mGluR6b (E) labeling. F: All red-green 
doublecones (green) show mGluR6a expression around and within their synapses. G-I: In adult fish mGluR6b-positive labeling is 
found in pedicles of UV- (G), blue- (H), and green- (I) cones labeled with GFP. J: Double-labeling with mGluR6a (magenta) and 
mGluR6b (green) antibody shows that they colocalize in some dendrites (arrowheads) while others only seem to express 
mGluR6a (arrows) or mGluR6b (asterisks). Whether these dendrites are actually from different bipolar cells cannot be said with 
this labeling alone. As depicted in A, all images show a close-up of the outer plexiform layer (arrow, OPL) with the outer nuclear 
layer (ONL) and the inner plexiform layer (INL) around. Scale bars = 5 µm. 
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4.4.3 Contribution of mGluR6b and EAAT7 to the zebrafish ON-bipolar cell signal 
Several studies conducted in lower vertebrates propose the involvement of EAATs in ON-signaling (Nawy & Co-
penhagen, 1987; Grant & Dowling, 1995, 1996; Wong et al., 2004; Wong et al., 2005a; Wong et al., 2005b; Wong 
& Dowling, 2005). A phylogenetic analysis has shown that the zebrafish possess 13 different EAATs (Gesemann 
et al., 2010). The transcripts of one of them, eaat7, were found to be expressed in the inner nuclear layer, sug-
gesting functional relevance for EAAT7 in the ON-signaling. To ascertain this, we used a morpholino-based gene 
knock down followed by electroretinogram measurements at 5 dpf. Concentrations for a full downregulation 
have been investigated in earlier studies by immunohistochemistry on mGluR6b-depleted larvae (Huang et al., 
2012) or by western blot in the case of EAAT7 (Maurer, 2010). As previously shown the downregulation of both 
mGluR6b or EAAT7 led to a large reduction in b-wave amplitude (Huang et al., 2012; Maurer, 2010). Depletion of 
both proteins affected the b-wave in a dose dependent manner. A larger reduction in the b-wave amplitude was 
found at the highest concentration as compared to the single knock downs (Fig. 3B). This suggests that both 
mGluR6b and EAAT7 work in parallel to generate the cone ON-response in zebrafish. However, due to the re-
maining small b-wave in double-morphant fish there must be an additional molecule involved. 
 
 
Figure 4: Electroretinogram recordings of mGluR6b and EAAT7 depleted zebrafish larvae. 
A: Representative ERG measurements of control, single and double morphants at the highest light intensity (log 0) showing the a-
wave elicited by photoreceptor and the larger b-wave representing the ON-response. B: Plotted b-wave amplitudes. The single 
injected morphants show a clear reduction in b-wave amplitude (pink and green) compared to the control morphants (black). 
When injecting both morpholinos, a dose dependent decrease (light blue < blue < dark blue) in the b-wave amplitude is observed. 
The highest dose of the combined injection of mglur6b and eaat7 morpholinos (dark blue) leads to a significantly lower b-wave 
compared to the single injection of either mglur6b (pink) or eaat7 (green). For statistical analysis a two-way ANOVA was used. 
Statistically significant values are only shown between the single and double morphant b-wave amplitudes (p<0.5=*,  p<0.01=**,  
p<0.001=***). 
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4.5 Discussion 
Glutamate is the main neurotransmitter used by photoreceptor cells of the vertebrate retina. By studying its 
receptors one can gain insight into glutamatergic processes at the photoreceptor terminal and increase the un-
derstanding of synaptic mechanism in the retina. In our study we addressed the question of how ON-responses 
are generated in the zebrafish retina. We not only investigated the mGluR6 mediated ON-signaling but enlarged 
our study to the excitatory amino acid transporters (EAATs) suggested to be involved in ON-signaling (Grant & 
Dowling, 1995, 1996). 
4.5.1 Conservation of the mGluR6-signaling pathway 
The metabotropic glutamate receptor 6 (mGluR6) has been identified more than two decades ago and its in-
volvement in ON-signaling of mammals is thoroughly studied (Masu et al., 1995; Zeitz et al., 2005; Vardi et al., 
2000; Vardi & Morigiwa, 1997). Recent publications uncovered downstream molecules participating in mGluR6 
mediated ON-signaling. TRPM1 was identified as the cation channel whose closure leads to the hyperpolarization 
when light is turned off (Shen et al., 2009; Morgans et al., 2009), while the function of NYX is not completely un-
derstood (Cao et al., 2011; Pearring et al., 2011). A whole genome duplication event early in the teleost lineage 
led to the duplication and subsequent retention of many genes in zebrafish (Force et al., 1999; Ohno, 1999; 
Postlethwait, 2007). It is therefore common to find two zebrafish orthologs for a given mammalian gene. In a 
recent study, we have shown that two mGluR6 and Goα paralogs exist (Huang et al., 2012). Since both transcripts 
of mglur6 and gnaob (gnao is the gene encoding Goα) are expressed in the INL we investigated the colocalization 
of these and other molecules involved in the mGluR6 pathway. By double-fluorescent in situ hybridization we 
found that mglur6a, mglur6b, gnaob, trpm1a and nyx are found inside the same cells of the medial inner nuclear 
layer (INL). A confirmation that the fluorescently labeled precipitates indeed stain ON-bipolar cell bodies of the 
INL is given by the fact that mglur6b is located within PKCα-positive cell bodies (Huang et al., 2012). This sug-
gests that the whole mGluR6-signaling pathway is conserved from fish to humans. The zebrafish is already wide-
ly used in vision research but will gain even more importance if general molecular pathways are conserved. The-
se can be thoroughly studied in this lower vertebrate with the additional possibility of loss-of-function analysis 
for instance by morpholino injections, or targeted gene ablation (reviewed in Renninger et al., 2011) followed by 
behavioral analysis using electroretinogram (Seeliger et al., 2002), optokinetic- or optomotor responses (Fleisch 
& Neuhauss, 2006; Emran et al., 2008). 
4.5.2 Wavelength specificity of mGluR6 mediated ON-signaling 
It is generally accepted that the generation of ON-responses in lower vertebrates involves beside the mGluR6 
pathway, glutamate transporters. Multiple studies suggest that these mainly mediate the photopic ON-response 
whereas the rod-derived signal to ON-bipolar cells is mediated via mGluR6 (Grant & Dowling, 1995, 1996; Wong 
et al., 2005a; Wong et al., 2005b; Wong & Dowling, 2005; Wong et al., 2004). In contradiction to that it has been 
shown that application of APB that blocks group III mGluRs mainly affects the short wavelength input to the ERG 
b-wave (Saszik et al., 2002). This was confirmed by the study of Nelson and Singla who found highest metabo-
tropic contribution in the UV- and blue range when isolating single elements of the photopic ERG in adult 
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zebrafish (Nelson & Singla, 2009). So far it is unknown how these different ON-responses are generated and why 
there might be such a difference. Our recent study showed a clear involvement of mGluR6b to the cone-mediated 
ON-signaling of larval zebrafish (Huang et al., 2012). However, we used white light stimuli and were therefore 
not able to investigate the influence of monochromatic light on mGluR6b mediated ON-signaling. We investigated 
the role of mGluR6 signaling for the cone ON-responses by examining cone-to-mGluR6-positive bipolar cell con-
tacts. A reasonable explanation for the results gained by electrophysiology would be if UV- and blue-cones show 
an increased number of mGluR6-positive synapses compared to the long wavelength cone types. With the help of 
transgenic fish expressing GFP in their UV-, blue- or green-cones (Takechi et al., 2003; Takechi et al., 2008; 
Tsujimura et al., 2007) as well as Zpr1 as a marker for doublecones (Larison & Bremiller, 1990) we found that all 
cone synapses contact mGluR6-positive ON-bipolar cells. Moreover, all rods contain mGluR6a and -6b expression 
within their synapses. Although we did not investigate mGluR6a expression in transgenic fish, the overlapping 
expression of both paralogs in ON-bipolar cells and the fact that mGluR6a is found in doublecone synapses sug-
gests that there will most likely be no difference and both mGluR6 paralogs contact all cone subtypes. This holds 
possibly also true for larval fish, as all their doublecones express at least mGluR6b within their synapses. At first 
glance this contradicts the above mentioned hypothesis of mGluR6 mediating mainly short wavelength photopic 
responses. Although our result is based on morphology and does not imply functional relevance there are several 
other possibilities to accomplish differences in spectral signaling. Our method does not allow counting for abun-
dance or investigating the exact location of the receptors on the bipolar cell dendrites. The rate of receptors 
found on dendrites that contact certain photoreceptor types certainly influences ON-signaling. Moreover, a dif-
ferent absolute number of bipolar cells per photoreceptor would also influence ON-responses. Another explana-
tion could be a difference in glutamate affinity of one or the other receptor. Moreover, until now we do not know 
whether all photoreceptors contact EAAT-positive bipolar cells. We might only find a difference there, with only 
doublecones expressing EAATs in their synaptic terminals, which would explain the results of the other studies. 
MGluR6b is located in every PKCα positive ON-bipolar cell and it seems that the mglur6 transcripts colocalize 
(Fig. 1A and Huang et al., 2012). The double labeling suggests distinct locations for mGluR6a and -6b, however, 
we did not counterstain ON-bipolar cells in this image and are therefore not able to distinguish different bipolar 
cell dendrites. In zebrafish six different ON-bipolar cell subtypes as well as four different mixed-type bipolar cells 
that send their dendrites into the ON- and the OFF-layer of the IPL have been identified (reviewed in 
Connaughton, 2011). Often PKCα is used as a marker for ON-bipolar cells although it labels not all but only a 
subtype of ON-bipolar cells which resemble mixed-type bipolar cells of goldfish (Connaughton et al., 2004). In 
order to reach a firm conclusion about mGluR6 expression in specific bipolar cells different markers need to be 
employed. So far, few transgenic zebrafish lines expressing GFP in some bipolar cells have been developed 
(Vitorino et al., 2009; Zhao et al., 2009). However, subtype-specific markers are needed for a thorough analysis.  
Recently it was found that ON- and mixed-type bipolar cells contact all combinations of photoreceptors and in 
most cases more than one subtype (Li et al., 2011). This makes it difficult to find the individual contribution of 
each pathway to the ON-pathway and it is therefore advisable to focus on a specific receptor or bipolar cell sub-
type when investigating morphology. Another question that emerges is why zebrafish need such a large variety 
of different bipolar cells when they still contact a variety of cone subtypes? The zebrafish is a diurnal animal and 
the spectral composition of the light input changes during the day. This markedly affects the behavior, as has 
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been demonstrated by the strong influence of colored light on cichlid fish (Pauers et al., 2012). A system that 
enables the distinction of slight changes in the light spectrum could help guiding such and other behavioral tasks 
from dawn to dusk. By electrophysiological recordings scientists were able to distinguish between the contribu-
tions of different receptors to the b-wave so only a combination of morphological analysis and ERG will help 
uncovering the mysteries about ON-signaling. With a further investigation using spectral ERG in mGluR6-
deficient fish larvae we hope to contribute to resolve this fascinating story. 
4.5.3 Contribution of mGluR6s and EAATs to the zebrafish cone ON-response 
In mammals it is generally believed that mGluR6 mediates the full scotopic and photopic ON-response (Dryja et 
al., 2005; Masu et al., 1995) whereas studies in lower vertebrates suggest the involvement of EAATs in ON-
signaling (Grant & Dowling, 1995, 1996; Wong et al., 2004; Wong et al., 2005a; Wong et al., 2005b; Wong & 
Dowling, 2005). In an earlier work of our laboratory the phylogeny of EAATs has been thoroughly analyzed 
(Gesemann et al., 2010). The zebrafish possess 13 different EAATs, of which some of them originated from the 
additional whole genome duplication events and other from tandem duplication. EAAT7 was found to be ex-
pressed in the postsynaptic OPL where ON-bipolar cell dendrites are located and depletion affects the ERG ON-
response (Maurer, 2010) similar to mGluR6b (Huang et al., 2012). If only these two receptors mediate the 
zebrafish cone ON-response, we would expect that the b-wave is fully diminished after downregulation of both. 
After a morpholino-based double knock down, we found that the ON-response is affected in a dose dependent 
manner and is significantly smaller when depleting both molecules compared to the single knock downs. To our 
surprise the b-wave of double morphant larvae was still measurable, even at lower light intensities. An incom-
plete knock down may only lead to a partial loss of the protein since the MO is injected into 1-cell staged 
zebrafish eggs and dilutes out over the course of the fish’s development. These residual proteins could generate 
the remaining b-wave. However, the complete knock down of the single molecules was confirmed by immuno-
histochemistry and western blot, respectively, and in this study similar concentrations were used for double 
knock downs. Therefore, we hypothesize that at least one additional molecule is involved in the generation of the 
cone ON-response of larval zebrafish. The second mGluR6 paralog, mGluR6a, would be a candidate for fulfilling 
such a task. A preliminary ERG study showed no significant reduction of the b-wave in mGluR6a-depleted larvae, 
however, downregulation could not be confirmed so far. Another possibility is the involvement of one of the 
EAAT5 paralogs, as EAAT5 is known to have a particularly prominent chloride conductance needed for ON-
bipolar cell hyperpolarization (Arriza et al., 1997) and is expressed in the INL of the mammalian retina (Pow & 
Barnett, 2000; Wersinger et al., 2006). This qualifies this glutamate transporter as a perfect candidate for medi-
ating ON-signaling. In addition, a preliminary study performed on adult zebrafish retinal slices showed a 
colocalization of EAAT5b with mGluR6b, supporting this hypothesis. So far EAAT-involvement in mammalian 
ON-signaling had been neglected by most scientists. Only few studies consider this possibility to explain their 
results (Hecht & Shlaer, 1948; Jacobs, 1990; Stockman et al., 1991; Tse et al., 2012). There might be a considera-
ble difference in generating the cone mediated ON-response in fish and mammals which could explain the atti-
tude of these scientists. EAAT7 that fulfills a major task of the transporter mediated ON-response in fish, is only 
found in lower vertebrates (Gesemann et al., 2010). Moreover, there is only one EAAT5 paralog in mammals and 
it does not necessarily possess the same function as in fish. However, a recent investigation in mice revealed 
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hints for EAAT5 involvement in direct ON-signaling (Tse et al., 2012) which will hopefully convince the field 
about EAAT-contribution to the ON-response. Unlike humans, fish, amphibians and reptiles have the standard 
vertebrate repertoire of four cone types (Robinson et al., 1993; Sherry et al., 1998; Loew et al., 1996). They might 
need the additional EAAT7 for UV-mediated ON-responses. Thus, expression analysis of zebrafish EAATs on pho-
toreceptor synapses will be very interesting but remains to be determined. A further idea that has to be consid-
ered is that EAATs do not necessarily have to be located on bipolar cell dendrites to participate in the ON-
response. EAATs on horizontal or photoreceptor terminals or on Muller glia cells located around the bipolar cell 
dendrite can influence ON-signaling via re-uptake of glutamate, thereby decreasing the b-wave amplitude. An 
investigation of EAAT2 paralogs in zebrafish has already shown their distinct effects on ERG b-waves (Maurer, 
2010) and recently a similar result was obtained in mice (Tse et al., 2012). 
So far we are not able to distinguish the different contributions of each receptor or transporter to the photopic 
ON-response. We might get an answer to this question by downregulating mGluR6b, EAAT5b, and EAAT7 in the 
same fish followed by ERG analysis. The complete reduction of the b-wave would support the hypothesis that 
mGluR6a is not involved in the photopic ON-response, although this would not exclude an involvement of 
mGlu6a in rod-mediated ON-signaling.  
4.5.4 Conclusion 
In this study we assessed the involvement mGluR6 and glutamate transporters in the zebrafish ON-response. A 
colocalization study shows that the whole mGluR6-signaling pathway is conserved in zebrafish. Therefore, the 
zebrafish is a veritable vertebrate model for studying visual ON-signal transduction pathways. We found that 
mGluR6-positive ON-bipolar cells are contacting all photoreceptor terminals, suggesting the involvement of 
mGluR6 paralogs in all cone- and rod-mediated ON-responses independent on the spectrum. This stands in con-
tradiction to electrophysiological results showing a larger input of mGluR6 to short wavelength signals but sug-
gests that such differences are generated via other mechanisms. Further, we demonstrate that both mGluR6b 
and EAAT7 are involved in the larval zebrafish cone ON-response. The remaining ON-signal is most likely due to 
the involvement of an additional EAAT, probably EAAT5b. It will be highly interesting to combine morphological 




The role of NYX in the ON-response is not clearly understood but recent publications suggest an involvement in 
transport of mGluR6 to the membrane. To further elucidate the interaction of NYX with other mGluR6 pathway 
members we will use the recently developed DuoLink Assay which helps us identifying protein-protein interac-
tion within pathway members. 
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To complete the study, we will confirm the downregulation of mGluR6a by immunohistochemistry or western 
blot. This would show that the ERG measurements performed in mGluR6a depleted larvae hold true and this 
protein is not involved in cone ON-signaling. 
Next, the morphological analyses of photoreceptor to bipolar cell contacts need to be confirmed. Furthermore, 
the transgenic line for the red cone can be added to this study. This in combination with ERG responses to mono-
chromatic stimuli of different wavelengths in mGluR6 depleted larvae will give us more insight into the spectral 
input to mGluR6 mediated ON-signaling. Such a study can surely be combined with pharmacological tools such 
as the EAAT-blocker TBOA or the group III mGluR antagonist APB. It would help differentiating between trans-
porter mediated and mGluR6 mediated ON-responses. 
We just started with the analysis of EAAT5b but the preliminary results are already promising and suggest in-
volvement in ON-signaling. Hence, in a second study it would make sense to assess photoreceptor to EAAT5b-
positive ON-bipolar cell contacts, deplete the protein by morpholino knock down, and measure spectral ERGs. 
Finally, we hope to draw a complete picture of the complex cone ON-responses of larval zebrafish, thus shine 
more light on synaptic visual transmission. 
We found that both mGluR6 paralogs are expressed in the retinal ganglion cell layer. The mRNA and protein 
expression pattern suggests a postsynaptic localization in this layer. So far no other study found a hint for a sign 
inversing synapse mediated via mGluR6 in retinal ganglion cells. We would like to shine more light on our find-
ing of mGluR6 in the GCL by patch clamping mGluR6 positive retinal ganglion cells. To help differentiating these 
cells we already started to generate transgenic zebrafish lines with GFP-labeled cells expressing mGluR6a or -6b 
using the Tol2 system (Amsterdam et al., 1995; Kawakami & Shima, 1999; Stuart et al., 1988). 
 
4.7 Supplemental Information 
 
Supplemental Figure 1: Cross-absorbance of the mGluR6a antibody. 
Dot-blot analysis showing the increased specificity of the cross-absorbed mGluR6a antibody. 1000 ng of mGluR6a (6a) and 
mGluR6b (6b) epitopes were pipetted onto nitrocellulose membranes (0.45 μm; Bio-Rad, Reinach, Switzerland). After cross-
absorbing the mGluR6a antibody against the respective mGluR6b epitope, either the original (1:1000, before) or the cross-
absorbed (1:500, after) mGluR6a antibody was applied.  
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5.1 Abstract 
Many aspects of retinal signaling are under circadian control. This includes visual sensitivity which has been 
shown to be highest at dusk and lowest in the morning. The molecular mechanism underlying this phenomenon 
is unknown. In zebrafish ERG b-waves were found to be significantly higher in the evening, thus reflecting the 
higher visual sensitivity. Since b-waves are generated by the retinal ON-signal, circadian regulation of the ON-
pathway might regulate the difference in sensitivity. ON-responses in zebrafish involve bipolar cell hyperpolari-
zation in darkness via the metabotropic glutamate receptor 6 (mGluR6) and possibly glutamate transporters 
(EAATs). Here, we investigate the circadian regulation of the mGluR6 pathway genes. We find that both mglur6 
paralogs show an increased expression in ON-bipolar cells in the evening, while expression in other layers re-
mains constant. Moreover, nyctalopin, known to be of importance for a functional mGluR6 pathway, shows a high 
expression in ON-bipolar cells in the morning in larvae. In contrast to that, nyx is highly expressed in these cells 
in adult retinal section which may reflects a developmental regulation of this gene. Besides that, trpm1a seems to 
be under circadian control in the photoreceptors, since we only find a staining in this layer in the morning. The 
effect of this different expression on visual sensitivity is so far unknown but localization of the TRPM1a protein 
will hopefully shine more light on that. 
Our expression study suggests that higher visual sensitivity in the evening is mediated via a more sensitive ON-
pathway. Further studies will include functional analysis of the mGluR6 mediated ON-pathway in wild-type and 
morphant zebrafish larvae. 
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5.2 Introduction 
The visual system is adapted to function over a very broad light range. Additionally, the system needs to be sen-
sitive to daily changes of light in order to react properly upon visual stimuli perceived throughout the 24 hours 
of a day. Some mechanisms such as translocation of retinal signaling proteins are light-dependent (reviewed in 
Calvert et al., 2006) but others rely on a working circadian clock that maintains their daily rhythm. The circadian 
clock composed of two transcriptional feedback loops is constantly ticking and controls these circadian rhythms. 
Although the clock works endogenously, it is entrained to the environment by so called Zeitgebers of which the 
day-night shift of light is the most crucial one. Several mechanisms within the retina are mediated by a circadian 
clock, mostly driven by rhythmic melatonin and dopamine expression (Li & Dowling, 2000; Ribelayga et al., 
2002, 2004). Amongst them the ERG b-wave as well as visual sensitivity determined by behavior were found to 
be highest at dusk adjusting the visual system to darkness (Bassi & Powers, 1987; Li & Dowling, 1998; Lavoie et 
al., 2010). The mechanism by which visual sensitivity can be adjusted on the molecular level is so far unknown. 
As the b-wave reflects ON-bipolar cell activity (Stockton & Slaughter, 1989), ON-signaling pathways are the first 
candidates to generate such differences in visual sensitivity. In zebrafish it has been shown that ON-responses 
are generated via the inhibitory metabotropic glutamate receptor mGluR6 as well as glutamate transporters 
(Chapter 4, (Huang et al., 2012; Maurer, 2010). Here, we focus on the mGluR6 mediated ON-signaling and try to 
elucidate its role in circadian changes of visual sensitivity in zebrafish. 
In a detailed expression analysis we found that mglur6 paralogs are expressed in a circadian manner: they show 
higher expression in ON-bipolar cells of larval and adult fish in the evening while expression in other layers such 
as the GCL did not differ throughout 24 hours. Further analysis of the genes involved in the mGluR6-signaling 
pathway showed that expression of gnaob and both trpm1 paralogs does not change much throughout a day in 
ON-bipolar cells but trpm1a additionally stains photoreceptors in the morning in adult fish. Nyctalopin seems to 
be differently regulated in larval and in adult tissue: in larvae, nyx shows high expression in bipolar cells after 
light onset but low expression in the evening and in the adult fish it is exactly the other way round, similar to the 
mglur6 paralogs. Since similar results were obtained under constant dark conditions we assume that expression 
is circadian regulated. Our results strongly suggest that higher expression of ON-pathway molecules might lead 
to increased visual sensitivity. The possibly differential role of NYX in larvae and adults as well as the increased 
expression of TRPM1a in photoreceptors at dawn in adults needs further investigations. 
 
5.3 Material and Methods 
5.3.1 Fish maintenance and breeding 
Adult fish were kept under standard conditions at a 14h/10h light/dark cycle at 28°C. For this study only fish of 
the wild-type strain “WIK” were used. Embryos were raised at 28 °C in E3 medium and staged according to de-
velopment in days post fertilization (dpf). All experiments were performed in accordance with the ARVO State-
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ment for the Use of Animals in Ophthalmic and Vision Research and were approved by the local authorities (Vet-
erinäramt Zürich TV4206).  
5.3.2 Whole mount and transverse cross-section in situ hybridization 
Cloning of zebrafish specific mGluR6 pathway genes, probe preparation, whole mount and slide in situ hybridiza-
tion as well as imaging and image processing were performed as described elsewhere (Chapter 4; Huang et al., 
2012). 16-day-old fish were treated like adult fish and retinal sections of the same thickness were produced (16 
µm). To ensure similar treatment of am and pm tissue, larvae from different time points were kept in the same 
tube throughout the experiment. Adult retinal am and pm sections were collected on the same slide. For DD ex-
periments zebrafish embryos were placed and kept in constant darkness from around 10 hours after fertilization 
on. Adult fish were placed in constant darkness for 4 days prior to fixation. Care was taken to euthanize the fish 
at the correct time points. Larvae or eyecups fixed during dark hours or for DD experiments were handled under 
dim red light and fixed in darkness. 
 
5.4 Results 
5.4.1 Circadian expression of mglur6 paralogs 
The mRNA expression of mglur6 paralogs in zebrafish ON-bipolar cells has already been described (Huang et al., 
2012), however without focusing on a specific time point of the day. We find clear differences when distinguish-
ing between tissue of larval and adult fish fixed in the morning at 9 am one hour after light onset (corresponds to 
Zeitgeber time 1) or at 9 pm one hour prior to light offset (corresponds to Zeitgeber time 13). While mglur6a 
shows a similar expression in the GCL and proximal INL of larval and adult fish throughout the day, expression in 
ON-bipolar cells is variable (Fig. 1A-D). Zebrafish larvae express mglur6a in ON-bipolar cells very marginally and 
only in the evening (Fig. 1D) whereas in adult fish expression in this cells is much stronger but also mainly ob-
served in the evening (Fig. 1B,C). For mglur6b the difference was even more apparent. To our surprise, expres-
sion in ON-bipolar cells was highly increased and was much more defined at 9 pm in larval and adult retinas (Fig. 
1E-H) compared to 9am. As we found similar varying expression patterns in fish kept in constant darkness from 
shortly after fertilization on or for 4 days in the case of adults (data not shown), we hypothesize that the rhyth-
mic gene expression underlies a circadian rhythm and is not just induced by light. Altogether, these results 
strongly support our hypothesis of mGluR6 signaling being involved in the circadian regulation of visual sensitiv-
ity. The small difference in mglur6a expression in the medial INL of larval fish compared to the adults even sug-
gests different regulation throughout development, maybe due to the later incorporation of rods (Branchek & 
Bremiller, 1984). 
 




Figure 1: Circadian expression of mglur6 paralogs in the zebrafish retina. 
A-D: Expression of mglur6a in five-day-old larvae (A,D) and in adult retinal slices (B,C) at 9 am and 9 pm. A: Shortly after light 
onset at 9 am mglur6a is strongly expressed in the GCL of zebrafish larvae. Additionally, a weak expression in the proximal part 
of the INL is found (arrowhead). B: Similar to the larvae, expression in the adult retina is weak in the proximal INL (arrowhead) 
but strong in the GCL at 9 am. Some mglur6a-positive ON-bipolar cells are also found (arrow). C: At 9 pm mglur6a expression 
seems similar in the proximal INL (arrow) and the GCL of adult fish compared to 9 am. A surprising strong mglur6a expression 
was found in ON-bipolar cells in the medial INL at 9 pm. D: While the mglur6a mRNA is expressed in a similar way in the proxi-
mal INL (arrowhead) and the GCL in larvae at dawn and dusk, we find an additional weak expression in the ON-bipolar cells 
(arrow) at 9 pm. E-H: Expression of mglur6b at 5 dpf (E,H) and in adult retinal cross-sections (F,G) at 9 am and 9 pm. E: The 
mglur6b riboprobe is predominantly located in the GCL of larval fish but also very faintly in the proximal (arrowhead) and medi-
al (arrow) INL, mostly at the periphery of the retina, at 9 am. F: Similar to larvae, in adult retinal slices mglur6b expression is 
strong in the GCL. Additionally, mglur6b stains the proximal INL (arrowhead) as well as some ON-bipolar cell bodies (arrow). G: 
While mglur6b expression in the proximal INL (arrowhead) and the GCL is of similar strength as at 9 am, expression in ON-
bipolar cells of adult fish is highly increased at 9 pm. H: In larval zebrafish mglur6b expression in the medial INL is much strong-
er at 9 pm (arrow) whereas expression in the GCL is similar to 9 am. The proximal IPL (arrowhead) shows a higher mglur6b 
expression as well, however, the medial and the proximal INL are not fully distinguishable anymore. 
GCL, ganglion cell layer; INL, inner nuclear layer; IPL, inner plexiform layer; ONL, outer nuclear layer; OPL, outer plexiform layer. 
Scale bar in G (applies to B,C,F,G) = 50 µm, scale bar in H (applies to A,D,E,H) = 20 µm. 
 
5.4.2 Expression of trpm1a and nyx depends on developmental stage and time of the day 
After we found a strong circadian oscillating expression pattern for mglur6b in ON-bipolar cells we investigated 
the other known members of this pathway. Besides the two mGluR6 paralogs, an intracellular G-protein (gnaob), 
nyctalopin (nyx), and the two TRPM1 paralogs (trpm1a and -1b) have shown to be co-expressed in ON-bipolar 
cells of the zebrafish retina (Chapter 4). While we found unchanged expression domains at both time points for 
gnaob and trpm1b (data not shown), we detected a different expression in larval and adult fish using the trpm1a 
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and nyx riboprobes. Because this might be due to the later incorporation of rods into the zebrafish retina 
(Branchek & Bremiller, 1984) we expanded our study to 16- and 67-day-old fish. We found that trpm1a has a 
constant expression pattern in ON-bipolar cells (Fig. 2A-H) but is additionally expressed in photoreceptors in the 
morning, at least in adult retinal slices (Fig. 2C,D). On the other hand nyx seems to be completely differentially 
regulated in larval and adult zebrafish. In larvae, nyx is highly expressed in ON-bipolar cells at 9 am but only 
faintly before light offset (Fig. 2I,M) while in adults it is the other way round: low expression in the morning and 
high expression in the evening (Fig. 2L,P). This pattern seems to change gradually during development. While 
nyx expression at 16 dpf seems still lower in the evening (Fig. 2JN), expression in the evening is slightly higher at 
67 dpf (Fig. 2KO). In DD experiments similar results were found (data not shown). Our data suggest that besides 
mGluR6b NYX might also contribute to the circadian variability in visual sensitivity. The opposing but gradually 
changing expression of nyx in larval and adult ON-bipolar cells points towards a different function throughout 
development, maybe due to the later incorporation of rods into the retina. Oscillating trpm1a expression in pho-










Figure 2: Circadian expression of trpm1a and nyx in the developing fish retina. 
A-H: Expression of trpm1a in 5 (A,E), 16- (B,F), and 67- (C,G) day-old fish as well as in adults (ad, D,H) at 9 am (A-D) and 9 pm (E-
H). A,E: The trpm1a riboprobe is expressed in the INL, the ONL  and cells around the lens in five-day-old fish at 9 am (A) and 9 pm 
(E). B,F: At 16 dpf trpm1a expression in the ON-bipolar cells is still stronger in the morning (B) compared to the afternoon (F). 
C,G: 67-day-old fish show a similar labeling of ON-bipolar cells in the INL at 9 am (C) and 9 pm (G). In addition, trpm1a is highly 
expressed in photoreceptors in the ONL in the morning (C) but not in the evening (G). D,H: Although weaker, the different tprm1a 
expression in photoreceptors is also visible in adult fish. Moreover, staining of ON-bipolar cell bodies seems weaker at 9 pm (H). I-
P: Expression of nyx in five- (I,M), 16- (J,N), and 67- (K,O) day-old fish as well as in adults (ad, L,P) at 9 am (I-L) and 9 pm (M-P). 
I,M: At 5 dpf nyx is highly expressed in the INL in the morning (I) but only very weakly in the evening (M). J,N: Expression at 16 
dpf in the INL is somewhat stronger at 9 am (J), however, it seems more defined to cell bodies at 9 pm (N). K,O: In 67-day-old fish 
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expression of nyx has changed and is higher and more defined in the ONL at 9 pm (O) compared to 9 am (K). L,P: In adult retinal 
slices nyx expression in ON-bipolar cells is very weak in the morning (L) but stronger in the evening (P). 
GCL, ganglion cell layer; INL, inner nuclear layer; IPL, inner plexiform layer; ONL, outer nuclear layer; OPL, outer plexiform layer. 
All scale bars = 50 µm, whereas M applies to A,E,I,M; N applies to B,F,J,N; and P applies to C,D,G,H,K,L,O,P. 
 
5.5 Discussion 
A circadian clock oscillates in a more or less 24 hour rhythm and influences many physiological aspects such as 
hormone release and daily metabolism. It is entrained by external cues, mostly light, to 24 hours, but keeps its 
rhythm in the absence of such cues (reviewed in Sahar & Sassone-Corsi, 2012). In teleosts, visual sensitivity has 
shown to be mediated by a circadian clock (Bassi & Powers, 1987; Li & Dowling, 1998). In zebrafish ERG b-waves 
were found to be highest and the threshold to evoke an ERG b-wave was found to be lowest in the evening (Li & 
Dowling, 1998). Moreover, the difference in visual sensitivity is mediated by a variation in retinal dopamine lev-
els (Li & Dowling, 2000) that mediate many circadian driven aspects of the retina (reviewed in Witkovsky, 
2004). How dopamine exactly mediates this difference in visual sensitivity is unknown. Since ERG b-waves de-
pend on a functional ON-pathway, we hypothesize that molecular differences in the ON-pathway will lead to this 
difference in visual sensitivity. In our study we also use the zebrafish as a model. Due to its ease in care, the rais-
ing availability of reversed genetic tools and its fast developing eye the zebrafish is nowadays a widely used 
model in vision research and could help us bringing more light into retinal circadian rhythms. 
5.5.1 Does circadian oscillation of mGluR6 signaling mediate visual sensitivity changes? 
By investigating several members of the mGluR6 pathway on the transcriptional level in larval and adult 
zebrafish we found that the expression of mglur6a and -6b is considerably higher in ON-bipolar cell in the even-
ing. We additionally performed a 24 hour analysis concentrating on the time points of light transitions and did 
similar experiments in DD (data not shown). These results supported our previous data and confirmed the circa-
dian regulation of the oscillating expression. Although the results are only based on mRNA expression they sup-
port the idea of a more active ON-pathway at dusk. This would lead to a faster ON-response and generate larger 
b-wave amplitudes, hence, it would lower the threshold for visual sensitivity as found in zebrafish (Li & Dowling, 
1998, 2000).  
For mglur6a we found a marginal expression in the INL in larvae only in tissue fixed at 9 pm. Whether this small 
difference in expression could lead to a variation in visual sensitivity between dusk and dawn is not known. The 
fish used for functional analysis in previous studies were all between 8 and 14 months old (Bassi & Powers, 
1987; Li & Dowling, 1998, 2000) and we do not know whether a similar result can be found in larvae. In adult 
fish we observe a similar variation in mglur6a expression in ON-bipolar cells as for mglur6b. This implies that 
mGluR6a is also involved in directing different visual sensitivity, at least in adult fish. Overall, mglur6a expres-
sion is much stronger in adult ON-bipolar cells at dusk which points to a developmental regulation of gene ex-
pression. For mGluR6b we have previously described the involvement in the zebrafish photopic ON-response. So 
far we did not detect any effect in the ERG b-wave when depleting the mGluR6a protein, however, we also could 
not confirm the downregulation (data not shown). One reason why we cannot detect any involvement in 
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photopic ON-responses of mGluR6a might be because it is only mediating rod-derived ON-signals. Rods only 
start to integrate into the retina at later time points (Branchek & Bremiller, 1984). For that reason the need for a 
high mglur6a expression might not be given in five-day-old fish. However, at later stages, when rods are mature 
and functional, mglur6a expression is useful and expected. We found already at 16 dpf when rods have started to 
integrate into the retina (Branchek & Bremiller, 1984) high mglur6a expression in ON-bipolar cells (data not 
shown). Due to this result, we see our hypothesis confirmed and believe that mglur6a expression is under devel-
opmental control. Moreover, it also supports the idea of mGluR6a only mediating scotopic ON-reponses. 
5.5.2 Developmental regulation of nyctalopin 
While we did not find a different expression for gnaob and both trpm1 paralogs in ON-bipolar cells throughout a 
day, nyx showed a very interesting result. In larvae its expression in the INL is high at dawn whereas in adults it 
is reversed and we found high expression in ON-bipolar cells at dusk. This expression seems to change gradually 
during development since at 16 dpf expression in the morning is still slightly higher but in 67-day-old fish ex-
pression in the evening is more pronounced. Rod photoreceptors start to integrate into the retina at later stages 
and are assumed to become functional at around 15 dpf but ERG responses appear still not adult-like at day 29  
(Branchek & Bremiller, 1984; Branchek, 1984; Bilotta et al., 2001). If NYX plays different roles in rod and cone 
visual pathways we would expect a change in expression at around 15 dpf and a stable and adult-like expression 
at later stages. The gradual changing nyx expression is consistent with the development of rod functions. Alt-
hough scotopic ERG waveforms of fish up to an age of 29 still do not resemble the adult pattern (Bilotta et al., 
2001), we believe that the retina should behave adult-like at 67 dpf. However, at that time point we still see a 
different nyx expression compared to adult retinas. Hence, the rod system likely plays a role in regulating nyx 
expression, however, other factors are probably involved as well. The role of NYX in the ON-response of the reti-
na is still incompletely understood. Recent studies propose the involvement of this cell-surface leucine-rich pro-
teoglycan in the transport of mGluR6 and TRPM1 to the membrane (Cao et al., 2011; Pearring et al., 2011). Dif-
ferent NYX expression might therefore influence aggregation or disaggregation of mGluR6 signaling molecules, 
thereby generating higher or lower thresholds for ON-responses as seen in fish (Bassi & Powers, 1987; Li & 
Dowling, 1998) or humans (Lavoie et al., 2010). 
5.5.3 Rhythmic expression of trpm1a in photoreceptors 
The transient receptor potential family of cation channels are involved in many sensory tasks (Damann et al., 
2008) and therefore it was not surprising to find TRPM1 to be the effector channel of the mGluR6 pathway 
(Morgans et al., 2009). While trpm1a expression in ON-bipolar cells is not under circadian control, the photore-
ceptors only express this channel in the morning. This suggests that TRPM1a is not involved in mediating visual 
sensitivity differences within the mGluR6 pathway but it is likely involved in other circadian aspects of vision. As 
TRPM1 expression was also occasionally found in rod spherules of the human retina (Klooster et al., 2011) a 
similar function might be present in mammals. It would be of great interest to know the exact time point of fixa-
tion of the human retina used for this study. We do not know which pathway leads to the opening or closure of 
TRPM1a in photoreceptors, which makes it hard to suggest a function. It might be possible to elucidate a role for 
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this channel in photoreceptors by measuring ERG a-waves at different time points, however, this would need to 
be accomplished in adult retinas.  
To sum up, our study shows the circadian regulation of mglur6b and nyx in ON-bipolar cells and hence suggests 
that circadian regulation of visual sensitivity is guided by a variable activity of the mGluR6 pathway. Moreover, 
the additional finding of trpm1a being only expressed in photoreceptors in the morning and the differential ex-
pression of nyx in larval and adult fish shows the importance of the time point of tissue fixation for expression 
studies. Many physiological aspects are guided by circadian rhythms and a lot of symptoms can only be cured if 
medicals are given at the right physiological condition of the patient (reviewed in Sewlall et al., 2010; Ohdo, 
2010). During the last decade research focused more and more on this aspect, however, too often circadian regu-
lation is neglected when doing basic research.  
Altogether, this study will bring more insight into retinal ON-signaling as well as the understanding of circadian 
regulation of visual sensitivity. 
 
5.6 Outlook 
So far our mRNA expression study including the DD experiments clearly has shown circadian regulation of genes 
involved in the mGluR6 pathway; but we will continue this study with further experiments. Additionally, we will 
reverse the light-dark cycle before analyzing fish by in situ hybridization to show that circadian expression is not 
due to any other environmental factors than light. Moreover, as in situ hybridization is not quantitative we plan 
to confirm our results by qRT-PCR. Since expression changes only in distinctive cells we will have to dissect adult 
retinal layers, which might not be possible in larval fish. As currently transgenic lines are developed in our lab, 
they could be used for dissecting GFP-positive bipolar cells using FACS. However, most of the mGluR6 pathway 
members are also expressed in other retinal layers, which complicated the dissection of only bipolar cells by 
fluorescence in these lines. If we are lucky the promoter or parts of it will only drive expression for the mglur6 
pathway genes in bipolar cells but not in other retinal cells. 
So far, we have only focused on mRNA expression but it is of crucial importance to prove circadian regulation at 
the protein level. Our lab developed zebrafish specific antibodies against both mGluR6 and TRPM1 paralogs as 
well as NYX. With these we hope to find similar results on the protein level. 
To show the functional impact, we will measure thresholds to evoke ON-responses after light onset and before 
light offset with the visual motor response setup (VMR; Emran et al., 2008) already established in the Neuhauss’ 
lab. Here we might encounter the difficulty of non-ocular photoreception that interferes with normal vision 
(Fernandes et al., 2012). Due to that we will add threshold measurements of ERG b-waves as was already done in 
other studies (Li & Dowling, 1998, 2000). However, these studies only used fish between 8 and 14 months where 
they nicely could show differences in visual sensitivity between am and pm. Although we find a clear difference 
in expression for mglur6b we do not know whether we find similar results on the behavioral level in larval fish. 
All these studies will include the use of morphant fish where we will be able to see the effects of a missing pro-
tein onto the sensitivity of the ON-pathway. A recently developed new technique for gene targeting by transcrip-
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tion activator-like effector nucleases (TALENs) (Huang et al., 2011) even enables functional analysis at later de-
velopmental stages. 
As mentioned in the introduction dopamine was found to regulate a lot of circadian processes in the retina, in-
cluding visual sensitivity in zebrafish (Li & Dowling, 2000). To study the effect of dopamine depletion on the 
mGluR6 pathway we could use two approaches. Either via ablation of dopaminergic cells in the retina by injec-
tion of 6-hydroxy-dopamine as was already done in zebrafish in the study mentioned above or by using the 
m1060 mutant that lacks the dopamine synthesizing enzyme tyrosin hydroxylase in the retina but not in other 
neurons (Löhr, 2009). By including these fish we could study the effect of dopamine depletion on circadian 
rhythmicity of mGluR6 pathway genes and their functional implications in VMR and ERG studies. 
This study can be enlarged to dissect the establishment of these cycles at early larval stages, analyzing the in-
volvement of typical clock genes in the transcriptional regulation of mGluR6 pathway genes, or checking for the 
circadian regulation of excitatory amino acid transporters (EAATs) known to be involved in ON-signaling (Chap-
ter 4; Grant & Dowling, 1995, 1996; Wersinger et al., 2006). It shows the broad potential and implication of our 
study and the importance of continuation. 
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6.1 Abstract 
The cryptochrome (Cry) family of blue-light receptors are descendants of CPD photolyases, although most of 
their members lost their photolyases activity. Crys are involved in the regulation of the circadian clock from 
plants to animals, however different mechanisms have been observed. While the Drosophila-type Crys act direct-
ly in a light-dependent way on the negative feedback loop that generates rhythmic gene expression, mammalian 
Crys do not depend on light but are rather involved in a transcriptional-translational feedback loop that medi-
ates oscillating gene expression. All zebrafish crys were described to show oscillating expression patterns but 
specific expression that could indicate a function in circadian entrainment have not been found. 
The inclusion of cryptochrome sequences from several species ranging from insects up to humans allowed us to 
draw a complete phylogenetic tree. This analysis revealed misinterpretations in earlier studies forcing us to re-
naming certain zebrafish cryptochromes according to phylogenetic relationship. Expression studies performed 
with gene paralogs help identifying evolutionary events such as neo- or subfunctionalization. Since all mammali-
an-type zebrafish crys are expressed in similar regions of larval fish, we hypothesize that function amongst them 
did not split. Further synteny analysis and comparative expression will shine more light on the interesting evolu-
tionary events within the cryptochrome family.  
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6.2 Introduction 
Cryptochromes (Crys), as the name already implies, were first described as the “cryptic” blue-light photorecep-
tors in plants that control aspects of growth and development such as seedling growth and flowering time (re-
viewed in Lin, 2000). Only in the 1990s the gene was cloned and identified as a UV- and blue-light absorbing 
flavoprotein with a close relationship to DNA photolyases (Ahmad & Cashmore, 1993). While photolyases pos-
sess the ability to repair UV-induced DNA damage, cryptochromes have lost or reduced this function (Malhotra et 
al., 1995, reviewed in Sancar, 2003). Until now, cryptochromes have been described in bacteria, plants and ani-
mals where they are involved in a variety of light responses, most importantly circadian activity regulation (re-
viewed in Chaves et al., 2011). The family is divided into two major groups: the plant cryptochromes and the 
animal cryptochromes. The latter can either be directly light-sensitive (Drosophila-type), or light-irresponsive 
and possess the ability to inhibit CLOCK:BMAL1 mediated transcription (mammalian-type). In some species an-
other cryptochrome, CryDASH, that does not fit in any of the groups, is described (Brudler et al., 2003; Hitomi et 
al., 2000; Daiyasu et al., 2004). It possesses the ability of photorepair and might be an intermediate between 
photolyases and cryptochromes. While mammals only feature the two mammalian-type cryptochromes Cry1 and 
Cry2 (Hsu et al., 1996), some species such as monarch butterflies (Zhu et al., 2008), zebrafish (Kobayashi et al., 
2000) or chicken (Ozturk et al., 2009) maintain different types of cryptochromes within their genome. Amongst 
all animals, the zebrafish harbors the largest already described cryptochrome family with 7 members and a still 
active photolyase (Kobayashi et al., 2000; Tamai et al., 2004; Daiyasu et al., 2004). An additional whole genome 
duplication event that happened about 350 Million years ago at the base of the teleost lineage had possibly led to 
this increase in gene number (Amores et al., 1998; Vandepoele et al., 2004). Such large-scale genomic events are 
not uncommon in evolution and likely build the basis of species radiation (Aury et al., 2006; reviewed in Ohno, 
1999 and Volff, 2005). Duplication of a gene leads to a redundant gene copy with identical functions, which min-
imizes the selective pressure to maintain both copies. Still, based on different approaches and data sets between 
12 and 24% of duplicated genes were found to be retained in the genome (Postlethwait et al., 2000; Lynch et al., 
2001; Jaillon et al., 2004; Woods et al., 2005; Brunet et al., 2006; Kassahn et al., 2009). Force and colleagues pro-
posed in their duplication-degeneration-complementation (DDC) model the scenario of subfunctionalization that 
could explain this surprisingly high number: if each gene retains at least one ancestral function, the urge for both 
copies to become fixed in the genome raises (Force et al., 1999). They additionally describe neofunctionalization, 
in which one paralog acquires a novel function through mutations within its regulatory elements and/or the 
structural gene, while the second copy renders the ancestral function. Due to their particular position regarding 
evolutionary events, the rising interest in zebrafish as a model organism, and the already sequenced genome, 
zebrafish are an attractive vertebrate model to study phylogenetic events. To shine more light on cryptochrome 
evolution and their possible functions, we investigated the phylogenetic relationship of cryptochromes in 
zebrafish and various species. Since we found misinterpretations of earlier phylogeny we renamed specific 
cryptochromes according to their phylogeny. The two zebrafish cryptochrome paralogs 1 and 3 (formerly named 
Cry2) both likely arose from a whole genome duplication event rather than tandem duplication. A rearrange-
ment of the tree helped identifying the so far unknown zebrafish ortholog for the mammalian Cry2. In addition, 
an mRNA expression study in larval zebrafish revealed a broad distribution of the cryptochromes -1, -3, and -4 in 
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the central nervous system (CNS). The two cry1 and -3 paralogs are both expressed in similar areas, which led us 
to the conclusion that the function seems not to have split amongst the two paralogs. Interestingly, cryDASH is 
expressed in the ciliary marginal zone around the lens. A synteny analysis as well as further investigation of ex-
pression including other species related to zebrafish is necessary to shine more light on cryptochrome evolution 
and function. 
 
6.3 Material and Methods 
6.3.1 Fish maintenance and breeding 
Adult fish were kept under standard conditions at a 14h/10h light/dark cycle at 28°C. For this study only fish of 
the wild-type strain “Tü” were used (Haffter et al., 1996). Embryos were raised at 28 °C in E3 medium (5mM 
NaCl, 0.17mM KCl, 0.33mM CaCl2, and 0.33mM MgSO4) and staged according to development in days post fertili-
zation (dpf). All examinations were performed in accordance with the ARVO Statement for the Use of Animals in 
Ophthalmic and Vision Research and were approved by the local authorities (Veterinäramt Zürich TV4206).  
6.3.2 Annotation of cryptochrome sequences 
The sequences of all 8 zebrafish cryptochromes have been previously determined (Kobayashi et al., 2000) and 
were confirmed in our lab by re-annotations, cloning from zebrafish cDNA and subsequent sequencing.  
6.3.3 Phylogenetic tree analysis 
Cryptochrome sequences for the different species used were identified using the zebrafish and human 
cryptochrome sequences as templates for Blast searches. Cry amino acid sequences were aligned using MUSCLE 
v3.7 configured for highest accuracy (MUSCLE with default settings). After alignment, ambiguous regions (i.e. 
containing gaps and/or being poorly aligned) were removed with Gblocks v0.91b. Remaining homologous se-
quences were reverse translated into nucleic acids and phylogenetic trees were reconstructed using the maxi-
mum likelihood method implemented in the PhyML program v3.0. The gamma shape parameter was estimated 
directly from the data. Branch reliability was assessed by the approximate likelihood-ratio test (aLRT, SH-like). 
Graphical representations of the phylogenetic trees were obtained using TreeDyn v198.3 and edited in Coral 
draw (Coral Corporation).  
6.3.4 Cloning of zebrafish cryptochromes 
Sequences of the previously described zebrafish crys were downloaded from zfin (http://zfin.org) and various 
primers for PCR amplification were ordered (Sigma-Aldrich, Buchs SG, Switzerland). Amplified fragments were 
sequenced were purified using the NucleoSpin Extract II kit (Macherey-Nagel, Oensingen, Switzerland) and sub-
sequently cloned into a pCRII vector (pCRII TOPO TA-cloning kit; Invitrogen, Life Technologies, Zug, Switzer-
land). 6 µl of ligated plasmid DNA were added to 50 µl of bacterial suspension (OneShot TOP10; Invitrogen), left 
on ice for 20 min before being incubated for 40 sec at 42°C and again placed on ice for 2 min. 500 µl pre-warmed, 
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sterile 25% LB-medium (Luria Broth Base; Invitrogen) was added and the cell suspension was incubated for 1 h 
at 37°C in a gently shaking incubator. Afterwards, the cells were collected by centrifugation (8000 rpm for 3 
min). The supernatant was discarded, the cells re-suspended and plated onto pre-warmed agar plates containing 
ampicillin (0.1 mg/ml), IPTG (0.71 µg/ml; Roche, Basel, Switzerland), and X-Gal (48 µg/ml; Roche). The plates 
were incubated over night at 37°C. The next day, colonies were picked using a sterile pipette tip, transferred to a 
snap-cap containing 5 ml of 25% LB-medium with ampicillin (0.1 mg/ml), and incubated over night in a shaking 
incubator at 37°C. Plasmid DNA was isolated and purified with the NucleoSpin Plasmid kit (Macherey-Nagel), 
concentration was measured using a NanoDrop (ND-1000; Witec AG, Litau, Switzerland). Subsequently, plasmids 
were sequenced in house. 
6.3.5 In situ hybridization 
6.3.5.1 Probe preparation 
The primers used for probe preparation are listed in table 1. Plasmids were linearized for T7 and Sp6 in vitro 
transcription and purified on a column (Macherey-Nagel). The probes were DIG-labeled using a kit (DIG-RNA 
labeling kit; Roche). Transcripts were hydrolyzed to obtain fragments of approximately 300 - 500 nucleotides of 
length. As working probes a mixture of non-hydrolyzed (2 ng/ul) and hydrolyzed (1 ng/ul) probe were used. 
 
Table 1: Primer pairs used for riboprobe preparation. 
Numbers within primer names indicate the position of the primer from the ATG on. 
6.3.5.2 Whole mount in situ hybridization 
Embryos used for ISH were treated with 0.2 mM PTU (1-phenyl-2-thiourea; Sigma-Aldrich) to prevent 
melanization of skin melanocytes and the retinal pigment epithelium. Embryos for the DD control were placed 
into complete darkness at 6 hpf. At the 5th dpf embryos were fixed in 4% paraformaldehyde (PFA; Sigma-
Aldrich) in phosphate buffered saline, pH 7.4 (PBS) at the appropriate time point (7 am, 11 am , 7 pm, 11 pm) 
overnight (ON) at 4°C. Embryos kept in darkness were fixed under dim red light. The next day, the embryos were 
washed twice in PBS containing 1% Tween (PBT), dehydrated in a graded series of PBT:MeOH mixtures (3:1; 
1:1; 1:3), and stored in 100% MeOH at -20°C until further use. 
In situ hybridization and imaging was performed as previously described (Huang et al., 2012). Images were pro-
cessed and arranged with Adobe Photoshop and Illustrator. 
 
Gene Primer 5' to 3' Gene Primer 5' to 3'
1a_dr_0359s F: CAGGCGTGGAGGTGATAG 2_dr_1073s F: GACATGCAGTAGCCTGTTTC
1a_dr_0979as R: AAGCCTCTGGGTTTTTATC 2_dr_1832as R: TTGCAATCGGTGAAAACAC
1b_dr_-0028s F: CAGAAGGGGCTGCAATAC 4_dr_0778s F: CGAACCTTCTACCACAGACTC
1b_dr_0819as R: TGGACAGTCCCTCTGTTTC 4_dr_1090as R: CTCCGCGAGTCAGAAAAC
3a_dr_1078s F: GCTGTTGCATGTTTCCTC 5_dr_0838s F: GATCCTCCGGTTTCTCTG
3a_dr_1976as R: TCAACTGTGCCATGTTTTG 5_dr_1526as R: ATGGATGGACTCGCTTTG
3b_dr_1171s F: GCGGACTGGAGTGTGAAC DASH_dr_-0013s F: GCCGGTCTTCATGATGTC
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6.4 Results 
6.4.1 Cryptochrome phylogeny 
We investigated the cryptochrome phylogenetic relationship in a variety of species ranging from chordates to 
mammals. For alignment reasons CryDASHs were excluded and the tree was rooted with the Drosophila CryX2. 
Overall, the zebrafish appears to possess the largest number of cryptochrome representatives. All vertebrates 
feature the two mammalian-type cryptochromes Cry1 and Cry2, however, the teleost orthologs built a separate 
group within those two branches. While the sea lamprey, the ancestor of all vertebrates, possesses one gene copy 
of a Cry1/3 ortholog, all species retained the Cry1s in their genome after a whole genome duplication event and 
only the teleost fish still possess a Cry3 ortholog. Amongst them, the zebrafish is the only member which re-
tained both paralogs. Insects such as the flour beetle possess one Cry that falls into the family tree and that 
seems closer related to the animal Cry1, -2 and -3s. Only birds, lizards and the zebrafish possess a Cry4 and only 














Fig. 1: The cryptochrome phylogeny. 
Zebrafish possess the largest cryptochrome family amongst the investigated animals. Zebrafish cry genes are highlighted in dark 
red and other teleost cry genes are highlighted in light red. 
The phylogenetic tree was built using using the Maximum-likelyhood method and the scale bar corresponds to 30% nucleotide 
exchanges. 
ac: Anolis carolinensis; am: Apis mellifera; bomt: Bombyx mori; cf: Canis familiaris; dm: Drosophila melanogaster; dn: Dasypus 
novemcinctus; ga: Gasterosteus aculeatus; gg: Gallus gallus; hs: Homo sapiens; md: Monodelphis domestica; mg: Meleagris 
gallopavo; mm: Mus musculus; oa: Ornithorhynchus anatinus; ol: Oryzias latipes; pm: Petromyzon marinus; tc: Tribolium 
castaneum; tg: Taeniopygia guttata; tr: Takifugu rubripe; xt: Xenopus tropicalis.  
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6.4.2 Expression of cryptochromes in zebrafish embryos 
The sparse knowledge about overall cryptochrome expression led us to perform an in situ hybridization analysis 
on five-day-old zebrafish embryos. 
Both cry1 paralogs are located in the same areas of the zebrafish central nervous system (CNS). Expression was 
detected in the ganglion cell layer (GCL), the proximal part of the inner nuclear layer (INL), the ear (arrowheads 
in Fig. 2A,C), and in broad regions of the central nervous system corresponding to the tegmentum (T) and the 




Fig. 2: Expression of cry1 paralogs in 5 dpf 
zebrafish embryos. 
A,B: Cry1a expression in a dorsal (A) and lateral (B) 
view. The cry1a riboprobe is expressed in the proximal 
inner nuclear layer (INL; asterisk) and the ganglion 
cell layer (GCL) of the retina. A staining is also visible 
in the otic vesicle (OV). While the dorsal view reveals 
broad expression in the CNS, the lateral view shows 
most specific labeling in the tegmentum (T) and the 
medulla oblongata (MO). C,D: cry1b expression in a 
dorsal (C) and lateral (D) view. Similar to its paralog, 
cry1b is located in the GCL, the proximal INL (asterisk) 
and in similar regions of the CNS (ear = arrow in C; T, 
MO in D). Positive labeling for both cry1 paralogs in 
the oesophagus (arrows in B and D) were also seen in 
sense probes (data not shown). The scale bars in C and 
D correspond to image A and B, respectively. Scale 




The cry3a riboprobe strongly labels the ear (arrowhead Fig. 3A,C) and a broad part of the CNS including the optic 
tectum, the tegmentum and the medulla oblongata (Fig. 3C). Moreover, weak cry3a expression was detected in 
all retinal layers, however, the labeling seemed most pronounced in the proximal INL (Fig. 3B). The cry3b RNA is 
located throughout the whole INL. Labeling of other parts of the embryos was found to be unspecific as no differ-
ence between the sense and the antisense probe could be detected (data not shown). 
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Fig. 3: Expression of cry3 paralogs in 5 dpf zebrafish embryos. 
A-C: Expression of cry3a in dorsal (A,B) and lateral (C) view. The riboprobe of cry3a significantly labels the otic vesicle (OV) and 
the proximal part of the inner nuclear layer (INL; asterisk) (B), although weak expression is seen throughout all retinal layers 
(B).The lateral view (C) depicts cry3a expression in the optic tectum (TeO), the tegmentum (T) and the medulla oblongata (MO). 
D: Expression of cry3b in a dorsal view. Highest labeling of the cry3b riboprobe is found throughout the INL of the retina. The 
scale bar in D corresponds to the images A and B as well. Scale bars = 50 µm.  
 
 
Fig. 4: Expression of cry2, -4, -5, and –DASH in 5 dpf 
zebrafish embryos. 
A: Expression of the cry2 riboprobe in a dorsal view reveals no 
expression in a five-day-old fish. B: Dorsal view of an embryo 
stained with the cry4 riboprobe. The cry4 RNA is weakly ex-
pressed in the INL and the GCL but shows a more prominent 
labeling in the proximal INL (asterisk). Weak expression is also 
seen throughout the CNS but most prominently in the olfactory 
epithelium (arrowheads) C: Expression of cry5 in a dorsal view. 
Application of the cry5 riboprobe does not label any structure in 
the embryo. D: Dorsal view of cryDASH expression. The cryDASH 
mRNA is located in few cells of the olfactory epithelium and bulb 
(arrowheads). Strongest labeling is seen in the ciliary marginal 
zone (CMZ) in close proximity to the lens. The scale bar in D 




We were not able to locate the cry2 (Fig. 4A) or cry5 (Fig. 4C) mRNA in five-day-old zebrafish embryos. Cry4 is 
weakly expressed in all inner layers of the retina but shows higher expression in the proximal INL (Fig. 4B). 
Moreover, the cry4 labeling is weakly detected throughout the CNS. CryDASH is located in a few cells of the olfac-
tory epithelium and bulb (arrowheads, Fig. 4D). Most interesting is the cryDASH expression around the lens in 
the ciliary marginal zone (CMZ) of the retina.  
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6.5 Discussion 
A phylogenetic tree shows the evolutionary relationship genes within a family. This helps identifying possible 
gene functions in different species. Ray-finned fish, amongst them the zebrafish, went through a third round of 
whole genome duplication after the lineage branched off from the other vertebrates (Ohno, 1999; Christoffels et 
al., 2004; Postlethwait, 2007). Such events have a huge impact on the evolution of species and it is assumed that 
this additional whole genome duplication provided the basis for the large radiation of teleost species (Hoegg et 
al., 2004). Cryptochromes, UV- and blue light receptors of plants and animals, are discussed to have a variety of 
functions, especially in circadian entrainment (reviewed in Chaves et al., 2011). In zebrafish eight cryptochromes 
have been described of which two appear to be duplicated gene paralogs (Kobayashi et al., 2000). Until now, 
cryptochrome phylogeny remained inconsistent. For the mammalian Cry2 no zebrafish ortholog was detected 
but four zebrafish orthologs were found to segregate with the mammalian Cry1 (Kobayashi et al., 2000; Lin & 
Todo, 2005). Moreover, phylogenetic trees usually only focused on mammals, fish and plants, or bacteria but did 
not include any other vertebrate species. We analyzed the phylogeny of the cryptochrome family thoroughly by 
including different species throughout the animal kingdom. To gain more knowledge about evolutionary events 
of paralogous genes such as sub- or neofunctionalization (Force et al., 1999) we additionally investigated the 
expression pattern of the cryptochrome family in five-day-old zebrafish larvae by RNA expression analysis. 
6.5.1 A thorough phylogenetic analysis uncovers earlier misinterpretations 
The presence of cryptochromes is not restricted to the animal kingdom as they can also be found in archaea, 
bacteria and plants (reviewed in Chaves et al., 2011). In accordance to the publication of Kobayashi and col-
leagues (Kobayashi et al., 2000) we found 8 zebrafish cryptochromes of which two of them seem to be duplicat-
ed. Whether a duplicated gene originates from whole genome duplication rather than tandem duplication can 
only be determined by analysis of neighboring chromosomal structures in animals that possess one or two 
orthologs of the same gene. However, the fact that the duplicated genes are all located on different chromosomes 
already suggests duplication by a whole genome duplication event. Interestingly, we found misinterpretations in 
earlier publications that we could correct by relying on better sequenced genomes and better tools for analysis. 
Our analysis suggests a realignment of former cryptochrome phylogeny. According to the results, the zebrafish 
Cry2 paralogs are closer related with mammalian Cry1s, and Cry3 groups with the mammalian Cry2s. For the 
benefit of clarity renaming was performed: the zebrafish Cry3 was renamed Cry2, and the zebrafish Cry2 
paralogs are now called Cry3a and Cry3b. Moreover, we renamed the zebrafish photolyase z(6-4)phr to Cry5, 
since, although it has kept its ability to repair UV-induced DNA damage (Kobayashi et al., 2000; Tamai et al., 
2004), its sequence homology clearly places it into the cryptochrome family. During the following sections we 
only used the adapted nomenclature, even though in some cited publications still old names have been used. 
6.5.2 Does relationship implicate similar function? 
It is obvious that the two cryptochromes still present in the mammalian genome represent members of two dif-
ferent subfamilies. Cry1 and -2 in mammals are known to be involved in the core clock of the circadian feedback 
loop (Kume et al., 1999). Both zebrafish Cry1 paralogs are also able to inhibit CLOCK:BMAL1-mediated transcrip-
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tion (Kobayashi et al., 2000). However, in addition Cry1a is described to act as the peripheral light-sensing mole-
cule for the cell-autonomous circadian clocks in zebrafish (Tamai et al., 2007), a function which has been lost 
during evolution of higher vertebrates. Such a function is supported by the broad mRNA expression found for 
cry1a in the brain. The ancestral function of the gene may have been light-dependent, however, the thick skull of 
mammals may have led to a dislocation of Cry function from serving as peripheral clock towards acting as light-
independent core clock component. As the cry1b expression profile (see Chapter 7) points towards another, 
more light-independent function, it may fulfill a similar function as the mammalian Cry1/2s. In mammals, Cry1 is 
expressed strongest in the suprachiasmatic nucleus (SCN) (van der Spek et al., 1996), the structure where the 
core clock is located, and in the retinal ganglion cell layer and inner nuclear layer (Miyamoto & Sancar, 1998). 
Surprisingly, we were not able to detect higher expression levels of a cry1 paralog in photoreceptive brain struc-
tures such as the pineal gland (Cahill, 1996). Possibly, the zebrafish does not possess a core clock similar to high-
er vertebrates. The fact that the lack of ventral brain structures where SCN cells would be located barely influ-
ences circadian gene expression in other tissues supports that notion (Noche et al., 2011). 
All teleost Cry2s build a separate group within the Cry2 branch. As the zebrafish Cry2 was found to belong to the 
Drosophila-type Crys (Kobayashi et al., 2000), teleost Cry2s might all bear other biochemical features than the 
mammalian Cry2s, implicating a different function. Here, it would be interesting to know more about the features 
of the Cry2s of the intermediate species armadillo (dn), opossum (md), and platypus (oa), and birds (gg, gm, tg), 
which build separate groups but are closer related to the mammalian Cry2s. One possible task where Cry2 might 
be involved is the synchronization of feeding time to the circadian clock. Recently, it has been described that the 
time of food uptake not only influences gene expression in peripheral tissues of goldfish but also in the brain 
(Feliciano et al., 2011). Feliciano and colleagues also show that gene expression of Cry2 (termed Cry3 in that 
study) but not Cry1 and -3 (termed Cry2) oscillates according to food uptake in the optic tectum but still highest 
and most robust expression was found in the liver. The in situ hybridization analysis showed no cry2 mRNA in 
the liver or in any other tissue of the larval zebrafish. However, the study mentioned above used qRT-PCR and 
we might get other results with this technique as well. Some retinal layers of adult fish express cry2 (see Chapter 
7), which demonstrated that the riboprobe itself is functional. A thorough analysis that includes younger fish 
stages or other time points might reveal additional results. Another possible function for Cry2 could be a light-
dependent magnetosensation. The role of cryptochromes in magnetoreception has already been investigated in 
Drosophila (Kassahn et al., 2009; Woods et al., 2005) and birds (Ritz et al., 2000). While migratory birds might 
use a cryptochrome for compass navigation (reviewed in Liedvogel & Mouritsen, 2010) a functional implication 
for this feature in other vertebrates and insects has not been found. However, one of the zebrafish 
cryptochromes might still be magnetosensitive. 
While mammals only possess the Cry1 and -2s, other cryptochromes are still present lower vertebrates. These 
additional cryptochromes may fulfill crucial roles in these species but are apparently not relevant for humans. 
One interesting exception are the Cry3s. These build an additional branch within the Cry1 lineage but are only 
present in teleost fish. Surprisingly, the sea lamprey, a common ancestor to all vertebrates, possesses only one 
cry1/3 gene. However, following the vertebrate specific genome duplication, all vertebrates must have possessed 
once a cry3 ortholog but only the teleost fish retained it within its genome. Even more surprising is the fact that 
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amongst the teleost fish the zebrafish retained both Cry3 paralogs after the third whole genome duplication 
event at the base of the teleost lineage. The only teleost known until now to have retained both Cry3 copies as 
well is the Somalian cavefish. It lives in perpetual darkness, thus has degenerated eyes, and was recently de-
scribed to possess a food-entrainable infradian clock that runs over about two days (Cavallari et al., 2011). Due 
to the close evolutionary distance, zebrafish and cavefish showed the same pattern of cry retention and the cave-
fish was excluded from the tree. The zebrafish Cry3s have been described as mammalian-type cryptochromes, 
being able to inhibit CLOCK:BMAL1 mediated transcription (Kobayashi et al., 2000). Their broad expression as 
well as their similar expression profiles as the mammalian Cry1 and -2 (see also Chapter 7) lead to the assump-
tion that Cry3s could be clock components as well, maybe fulfilling similar roles in the peripheral clock. Howev-
er, they are possibly not involved in light-induced entrainment, since the Somalian cavefish still possess both 
copies as well. 
Also birds have one additional cryptochrome, the Cry4, compared to mammals. Why they did not lose this more 
distant Cry cannot be infered by phylogeny alone. Interesting is the fact that besides birds also lizards and the 
zebrafish were found to have retained this gene in their genomes. While the zebrafish cry4 is only very distantly 
related to the other cry4s, we did not find even distantly related cry4s in any other tested fish. Initial speculations 
that this gene is accumulating mutations and will be inactivated soon are contradicted by the fact that the ex-
pression throughout the CNS and in inner retinal layers of larval zebrafish is robust, suggesting specific function 
in zebrafish. Moreover, regulation of the zebrafish cry4 in the retina seems to be light-dependent (Chapter 7; 
Kobayashi et al., 2000). This might be a hint for a specific function only in the retina, maybe even in light-input to 
the central clock or a separate clock located within the retina. However, since in chicken cry4 expression oscil-
lates differently in different tissues (Kubo et al., 2006), it may has different tissue-dependent functions. 
The zebrafish was found to have retained cry5 or (6-4)photolyase ((6-4)phr) including its ability to repair UV-
damaged DNA strands within its genome (Kobayashi et al., 2000; Tamai et al., 2004). The phylogenetic tree 
shows that only amphibians, reptiles and fish kept a copy of the cry5 gene and in vitro functionality was also 
found in frog and snake cell lines (Selby & Sancar, 2006). This gene was lost in higher vertebrates during evolu-
tion, possibly before the amniotes branched off. Although we have no proof for that it seems plausible since with 
the origin of development protected by an egg shell the advantage of having an UV-induced DNA repair mecha-
nisms decreases and releases this gene from selective pressure. 
Besides Cry5, CryDASH has also been found to possess a weak remaining photolyase activity, although of the 
CPD- and not of the (6-4)-type (Daiyasu et al., 2004; Selby & Sancar, 2006; Zikihara et al., 2008). In larval 
zebrafish cryDASH is located around the lens where the ciliary marginal zone (CMZ) is located. This area harbors 
stem cells which are incorporated into the retina throughout life (Raymond et al., 2006; reviewed in Otteson & 
Hitchcock, 2003). The CryDASHs ability to repair damaged DNA could help retinal stem cells minimizing their 
mutation rate. This could happen in a light-dependent way since CryDASH is a Drosophila-type Cry (Kobayashi et 
al., 2000) having biophysical properties suggesting involvement of electron transfer (Zikihara et al., 2008). Be-
sides expression in the CMZ we also located the cryDASH mRNA in cells of the olfactory system. Which function it 
might have in these specific cells remains unknown. CryDASH stands for Drosophila, Arabidopsis, Synechocystis 
and Homo, although it is neither present in fruit flies nor humans it is meant to represent the relationship of 
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cryptochromes across all areas of life. Because this name is already so well established, we do not consider re-
naming CryDASH but due to its distant relation to other cryptochromes we excluded this member from the phy-
logenetic tree.  
Some insects such as the monarch butterfly (Danaus plexippus) harbor two Cry subfamilies: a Drosophila-type 
Cry1 involved in light-sensitive circadian entrainment and a light-independent mammalian-like Cry2 that re-
presses CLOCK:CYCLE mediated transcription (CYCLE is the insects BMAL1) (Yuan et al., 2007; Zhu et al., 2008). 
Hence most insects retained only one cry in the genome. Drosophila kept Cry1, whereas in honeybees (am), 
humblebees (bomt), and flour beetles (tc) it is Cry2 (Yuan et al., 2007). As our phylogenetic tree includes only the 
aforementioned insects that harbor Cry2, the insect Crys group closer to the branches of the mammalian-type 
Cry1 and -2s. 
In conclusion a thorough comparative phylogenetic analysis of such a complex gene family is necessary to unrav-
el evolutionary relationships. Mistakes in phylogenetic lineages likely lead to misinterpretations of possible func-
tions. Although final evidence of gene function can only be drawn after functional analysis, expression pattern 
comparison of gene orthologs provides first information. Considering the high number of cryptochromes in 
zebrafish, it is very reasonable to assume that they have specific functions and are not solely redundant. The DDC 
model of Force and colleague nicely explains the high amount of duplicated genes still found in modern genomes 
of for example teleosts (Force et al., 1999). To identify events such as neo- or subfunctionalization a comparison 
of the expression pattern of paralogous genes is necessary. Although the mRNA expression analysis of crys in 




A more thorough expression analysis that includes other larval zebrafish stages will be done in order to get more 
insight into evolutionary events of gene paralogs. Since our results so far are only preliminary more work has to 
be done also including other species related to zebrafish into the study. Expression analysis of specific crys in the 
medaka (Oryzias latipes), which is also included in the phylogenetic tree, may provide us with information about 
evolutionary events such as sub-functionalization. Here it would be interesting to look first for cry3 which is 
duplicated in zebrafish but not in medaka. 
In addition, for a thorough phylogeny more animals need to be incorporated into the tree. Here the monarch 
butterfly (Danaus plexippus) that possesses two cryptochromes with different functions, or the elephant shark 
(Callorhinchus milii), a chordate that branched off before the teleost specific whole genome duplication, could 
provide further insight. 
CryDASH has only been mentioned in the discussion but was not included in the phylogenetic analysis. There has 
been a lot of discussion about CryDASH function, however, a phylogenetic analysis is not available. A separate 
tree including CryDASHs from various species could possibly raise the interest in this study. 
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To finally conclude about evolutionary events on the chromosomal level, a comparison of neighboring genomic 
regions is necessary. Shared synteny between orthologous genes supports their functional relationship and an-
cestral non-functional gene parts give hint to evolutionary events. With such an analysis one might detects rem-
nants of a lost cry3 or -5 in the mammalian genome. Besides that, a sequence comparison of the functional and 
conserved regions within each cry could give us more insight into each Crys function. 
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7.1 Abstract 
Light emitted by the sun is the most important cue that entrains physiological processes to a 24 hour rhythm, 
enabling living beings to adjust their behavior to the environment. Due to their thick skull, mammals must pro-
cess information about light-dark cycles via the retina to the central nervous system. Specific retinal ganglion 
cells expressing melanopsin absorb light and send this information via the retinohypothalmic tract to the brain, 
thereby providing non-visual information. Although in recent years melanopsin emerged as the major 
photopigment for non-visual photoreception, the knock down of cryptochromes (Crys) in mice affected circadian 
behavior. This suggests that Crys might be involved in the generation or processing of non-visual information as 
well. 
Cryptochromes are descendants of DNA photolyases and absorb light in the UV- and blue range. The family con-
sists of two major subtypes: mammalian-type and Drosophila-type Crys. They both regulate circadian oscillation, 
although not in a similar fashion. While the light-dependent Drosophila-type Crys function as circadian photore-
ceptor that entrains the clock, mammalian-type Crys act as light-independent repressor of CLOCK-BMAL1 com-
ponents of the circadian clock. Since non-visual photoreception in mammals was found to be located in the eye, 
we expect any Cry involved in this process to be expressed in an oscillating manner in the retina. In this study we 
investigate the expression of all zebrafish crys in the adult retina by qRT-PCR analysis and in situ hybridization. 
We found a cyclic gene expression for all crys in the adult retina and overall, expression levels at different time 
points overlap with qRT-PCR results. However, we could not convincingly observe layer-specific oscillation. To 
focus our further analysis on a specific zebrafish Cry a layer-specific qRT-PCR analysis is necessary. The broad 
distribution of all crys in the zebrafish retina suggests other functions besides the involvement in non-visual 
phototransduction. Their biochemical properties would enable them to even act directly as light sensor and con-
tribute to visual processes. 
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7.2 Introduction 
Our physiology and behavior is strongly influenced by internal daily rhythms maintained by a central pacemaker 
in the suprachiasmatic nucleus (SCN) of the hypothalamus. The cycle of these circadian rhythms is around 24 
hours (circa diem = approximately a day) under constant conditions but set to 24 hours by external Zeitgeber 
cues. Nearly all peripheral cells of mammals possess their own circadian oscillator, however, the central pace-
maker synchronizes them to the outside world. Since this “master clock” is located under the skull in the deep 
brain, information has to find a way to reach this part of the body (reviewed in Dibner et al., 2010). 
The steady cycling of light intensities on earth is the major external cue that entrains the central pacemaker. As 
already first experiments from Jürgen Aschoff showed, light guides a number of crucial physiological processes 
(reviewed in Daan & Gwinner, 1998). But even in the absence of rods and cones light-mediated non-visual pro-
cesses such as circadian entrainment to light-dark cycles (Ebihara & Tsuji, 1980; Freedman et al., 1999), pupil-
lary light responses (Lucas et al., 2001), and photic suppression of melatonin synthesis in the pineal gland (Lucas 
et al., 1999) still take place. Considering that only enucleation leads to a loss of these processes in mammals (Fos-
ter et al., 1991; Nelson & Zucker, 1981; Czeisler et al., 1995; Freedman et al., 1999), the retina must be the sole 
source of non-visual photoreception. Mice lacking melanopsin, an opsin variant with bound retinol located in 
intrinsically photosensitive retinal ganglion cells (ipRGCs) that project to the SCN (Leak & Moore, 1997; 
Provencio et al., 2000; Gooley et al., 2001; Berson et al., 2002), show impaired phase shifting of light/dark cycles 
(Panda et al., 2002). The additional removal of rods and cones in these mutants completely abolished circadian 
entrainment and other non-visual photoreception (Hattar et al., 2003; Panda et al., 2003). Here, the 
cryptochromes (Crys) come into play. Vitamin A depletion should lead to impaired non-visual photoresponses, 
however, in mice lacking retinol only the additional elimination of cryptochromes reduced phototransduction to 
the SCN and non-visual photoreception (Thompson et al., 2001; Thompson et al., 2004). 
Cryptochromes, closely related to DNA photolyases (Kanai et al., 1997), are UV- and blue-light receptors known 
to be involved in a variety of light responses (reviewed in Chaves et al., 2011). First evidence that they could be 
involved in circadian rhythmicity was demonstrated by plant scientists who showed an influence of both crypto-
chrome variants on circadian entrainment (Guo et al., 1998; Somers et al., 1998). Unlike in Drosophila, where 
cryptochromes act as circadian photoreceptor (Emery et al., 1998; Stanewsky et al., 1998), mammalian 
cryptochromes regulate transcription of crucial clock genes in the negative limb of the feedback loop of the cir-
cadian clock (Kume et al., 1999; Shearman et al., 2000). Different studies already assessed the impact of 
cryptochromes on non-visual photoreception. Mice deficient for both cryptochromes show a totally arrhythmic 
behavior in constant darkness but retain photic regulation of clock genes in the SCN (Okamura et al., 1999; 
Vitaterna et al., 1999), and show normal pupillary light responses (van Gelder et al., 2003). Additional depletion 
of photoreceptors led to the loss of practically all behavioral photoresponses (Selby et al., 2000; van Gelder et al., 
2002, 2003). Therefore, besides their function in the feedback loop of the central clock, cryptochromes seem to 
be involved in non-visual photoreception. This notion is supported by the presence of both mammalian 
cryptochromes in the inner retina, where circadian photoreception takes place (Miyamoto & Sancar, 1998; 
Thompson et al., 2003). 
Chapter 7  Cryptochromes in the Zebrafish Retina 
123 
Our study aimed to find evidence for an involvement of a certain zebrafish cryptochrome in circadian photore-
ception. The transparent tissue of Drosophila and zebrafish allows each cell to maintain a directly light-
responsive, autonomous circadian clock (Emery et al., 1998; Plautz et al., 1997; Whitmore et al., 2000). Cry1a 
was found to play a crucial role in light entrainment of peripheral clocks in zebrafish (Tamai et al., 2007). These 
results show that the organization of the circadian system in fish and in insects seems to be distinct from the one 
of higher vertebrates. Nevertheless, as the zebrafish harbors Drosophila-type and mammalian-type Crys, it could 
serve as a model to study light perception of the circadian system via the retina. In zebrafish, 8 cryptochromes 
have been described so far (Kobayashi et al., 2000; Daiyasu et al., 2004). Except for cryDASH zebrafish cry mRNA 
levels were shown to oscillate in different tissues. mRNA expression in the ganglion cell layer of the retina was 
reported, however, further description of cryptochrome expression in the zebrafish retina is not available (Ko-
bayashi et al., 2000). Our study focuses on zebrafish cry expression in the retina to detect oscillating expression 
patterns in distinct retinal layers, which would be an indication for an involvement in circadian processes. The 
qRT-PCR analysis showed cyclic transcript expressions for all zebrafish crys in adult retinal tissue, however, it 
only tells us about overall cry expression levels. In order to detect layer specific cyclic expressions, sections were 
taken from adult eyecups fixed at four different time point throughout 24 hours. Cyclic gene expression is seen as 
a hint for an involvement in circadian signaling processes and supports a further analysis of these genes. Expres-
sion patterns obtained by in situ hybridization analysis revealed a broad distribution of all crys in the retina. In 
most cases the overall expression matched the results obtained by qRT-PCR, although the oscillation pattern was 
not always consistent in each retinal sublayer. Most prominent circadian expression profiles were found for the 
cry1 paralogs and cry2 in the INL, and in the cry3 paralogs and cry4 throughout the retina. In situ hybridization 
results were not quantitative enough to detect any zebrafish cry gene that has a constant expression in one layer 
but a cyclic expression in another. In summary, the study reveals a very broad and circadian abundance of all 
cryptochromes in the zebrafish retina. This result even could lead to the idea that cryptochromes are involved in 
visual processes. The question whether they could actually be involved in non-visual responses to light, is it di-
rectly as light sensor or indirectly via melanopsin signaling remains open. 
Note that in this manuscript the adapted names of zebrafish cryptochromes according to Chapter 6 in this thesis 
were used. 
 
7.3 Material and Methods 
7.3.1 Fish maintenance and breeding 
Adult fish were kept under standard conditions at a 14h/10h light/dark cycle at 28°C. For this study only fish of 
the wild-type strain “Tü” were used (Haffter et al., 1996). Embryos were raised at 28 °C in E3 medium (5mM 
NaCl, 0.17mM KCl, 0.33mM CaCl2, and 0.33mM MgSO4) and staged according to development in days post fertili-
zation (dpf). All experiments were performed in accordance with the ARVO Statement for the Use of Animals in 
Ophthalmic and Vision Research and were approved by the local authorities (Veterinäramt Zürich TV4206).  
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7.3.2 In situ hybridization 
7.3.2.1 Probe preparation 
Cloning of zebrafish cryptochrome genes into pCRII vector is described elsewhere (see Chapter 6). The primers 
(Sigma-Aldrich, Buchs SG, Switzerland) used for probe preparation are listed in table 1. Plasmids containing the 
correct cryptochrome sequences were linearized for T7 and Sp6 in vitro transcription and purified on a column 
(Macherey-Nagel, Oensingen, Switzerland). The probes were DIG-labeled using a kit (DIG-RNA labeling kit; 
Roche, Basel, Switzerland). Transcripts were hydrolyzed to obtain fragments of approximately 300 - 500 nucleo-
tides of length. As working probes a mixture of non-hydrolyzed (2 ng/ul) and hydrolyzed (1 ng/ul) probe were 
used. 
7.3.2.2 Slide in situ hybridization 
Adult zebrafish were euthanized with tricaine (MS-222; Sigma-Aldrich) in iced water at the appropriate time 
point. Eyecups were removed and fixed ON at 4°C in 4% paraformaldehyde (PFA; Sigma-Aldrich) in phosphate 
buffered saline, pH 7.4 (PBS). For the DD control, fish were placed into complete darkness for 3.5 to 4 days be-
fore scarification. The further protocol is described elsewhere (Huang et al., 2012). 
In situ hybridization and imaging was performed as previously described (Huang et al., 2012). Images were pro-
cessed and arranged with Adobe Photoshop and Illustrator CS5. 
7.3.3 Quantitative real-time PCR (qRT-PCR) 
After removing the eyecups of the fish at the appropriate time point (Zeitgeber times 3, 7, 11, 15, 19, 23), the 
tissue was collected in RLT buffer (Quiagen, Hombrechtikon, Switzerland), pounded with the pistil, and homoge-
nized with a sonificator (Sonopuls HD2070; Bandelin Electronic, Berlin, Germany). Fish were euthanized in 
darkness and eyecups were removed under dim red light when the tissue was collected during the dark period. 
RNA was extracted with the NucleoSpin RNA II Kit (Macherey-Nagel) and RNA concentration was measured with 
a NanoDrop (ND-1000; Witec AG, Litau, Switzerland). Reverse transcription was performed with 400 ng RNA 
and the Superscript II kit (Invitrogen, Life Technologies, Zug, Switzerland). qRT-PCR was performed in a 
transcriptor (Applied Biosystems Prism SDS 7900HT; Life Technologies) using the MESA Green Kit (Eurogentec, 
Seraing, Belgium). Primer pairs (Sigma-Aldrich) used for qRT-PCR were specifically designed to incorporate an 
intron to avoid unspecific amplification of genomic DNA (Tab. 1).  
As a reference, the genes rpl-13α (ribosomal protein L-13a), ef1α (elongation factor 1 alpha), and prkcα (protein 
kinase C alpha) were selected (Tang et al., 2007). The highest expression was given 100% and lower expression 
was set relative to this total. The values are means +/- standard deviations and were averaged from three inde-
pendent samples. Analysis was completed in Microsoft Excel and graphs were arranged in Microsoft Excel and 
Adobe Illustrator CS5. 
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Table 1: Primer pairs used for riboprobe preparation and qRT-PCR analyses. 
Numbers within primer names indicate the position of the primer from the ATG on. 
 
  
Primer 5' to 3' Primer 5' to 3'
1a_dr_0359s F: CAGGCGTGGAGGTGATAG 1a_dr_0359s F: CAGGCGTGGAGGTGATAG
1a_dr_0979as R: AAGCCTCTGGGTTTTTATC 1a_dr_0461as R: TGGAAGCGCTTATACGTG
1b_dr_-0028s F: CAGAAGGGGCTGCAATAC 1b_dr_0738s F: ACACCGGTCAGTGATGATC
1b_dr_0819as R: TGGACAGTCCCTCTGTTTC 1b_dr_0819as R: TGGACAGTCCCTCTGTTTC
3a_dr_1078s F: GCTGTTGCATGTTTCCTC 3a_dr_1078s F: GCTGTTGCATGTTTCCTC
3a_dr_1976as R: TCAACTGTGCCATGTTTTG 3a_dr_1169as R: CAGTCTGCATCCAAATAGAAG
3b_dr_1171s F: GCGGACTGGAGTGTGAAC 3b_dr_0632s F: CCGGTGGAGAATCAGAAG
3b_dr_1963as R: GGGAAGTTATAACACATTTAGC 3b_dr_0722as R: TTCGGTCGCTCAAAGTTC
2_dr_1073s F: GACATGCAGTAGCCTGTTTC 2_dr_1073s F: GACATGCAGTAGCCTGTTTC
2_dr_1832as R: TTGCAATCGGTGAAAACAC 2_dr_1163as R: CGCATCCAACAGCAACTC
4_dr_0778s F: CGAACCTTCTACCACAGACTC 4_dr_0778s F: CGAACCTTCTACCACAGACTC
4_dr_1090as R: CTCCGCGAGTCAGAAAAC 4_dr_0890as R: AGCGACGGTGTAGAAGAAC
5_dr_0838s F: GATCCTCCGGTTTCTCTG 5_dr_0495s F: ACCCATTCCTGCTCCAAC
5_dr_1526as R: ATGGATGGACTCGCTTTG 5_dr_0600as R: CAGTCCAAGATCCTCAAGAG
DASH_dr_-0013s F: GCCGGTCTTCATGATGTC DASH_dr_0532s F: ACTCCAGAACAGGTGAAATC
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7.4 Results 
7.4.1 All cryptochrome transcripts are expressed in a circadian manner in the adult 
zebrafish retina 
Both cryptochrome 1 paralogs are most abundant during the morning hours after the light is turned on (Fig. 1). 
The cyclic expression of cry1a peaks at Zeitgeber time (ZT) 3 and declines steadily over the next hours until it 
reaches a dip at ZT 19 in the early morning. After that, a steep increase in transcript expression until ZT 3 is visi-
ble (Fig. 1A’). The in situ hybridization analysis shows a broad expression of cry1a in all retinal layers (Fig. 1A-D). 
While the strongest expression intensity was seen at ZT 3 (Fig. 1B), expression, at least in the ONL and INL, ap-
pears to be lowest at ZT 15 (Fig. 1D). Expression in the GCL is visible at all time points and seems more or less 
constant. The cry1b riboprobe is expressed in all retinal layers (Fig. 1E-H), although this paralog shows an oscil-
lating pattern in the GCL with the highest expression at ZT 23 (Fig. 1E). Expression in the ONL and INL seems 
stable and is only reduced at ZT 15 (Fig. 1D). Total transcript abundance is oscillating with both a trough and a 










Figure 1: Circadian RNA expression pattern of cryptochrome 1 paralogs in adult zebrafish retinas. 
A-H: Expression of cry1a (A-D) and -1b (E-H) revealed by in situ hybridization on radial sections through the adult zebrafish 
retina at different time points. A’,E’: qRT-PCR analysis showing circadian expression of cry1a (A’) and cry1b (E’) transcripts in 
retinal tissue. cry1a is weakly expressed in the photoreceptors (ONL), and in the GCL. A stronger expression, especially in the 
morning hours, is visible in the INL. cry1a expression level measured by qRT-PCR increases already during the late night, peaks at 
ZT (Zeitgeber time) 3 or 11 am, and decreases again until it reaches the base level early in the morning at ZT 19 (A’). 
cry1b is expressed throughout the retina from the ONL to the GCL (E-H). Expression is strongest at ZT 23 or 7 am (E) and de-
creases steadily over the next three time points. qRT-PCR reveals a peak in transcript expression at ZT 23 followed by a decrease 
until ZT 7, where the level remains at around 40% until it decreases again after ZT 15 (E’). Similar to cry1a, the expression level 
of cry1b ascends before the light is turned on. 
The qRT-PCR values were averaged from three independent samples. Grey and white shading in qRT-PCR graphs represent night 
(lights off) and day (lights on), respectively. On the x-axis the time in daytime and ZT is given. GCL: ganglion cell layer; INL: inner 
nuclear layer; IPL; inner plexiform layer; ONL: outer nuclear layer; OPL: outer plexiform layer. Scale bar in H (applies to all im-
ages A-H) = 20 µm. 
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Cry3a and -3b, reveal both a prominent expression in the evening shortly after light offset (Fig. 2A-H). While 
cry3a RNA expression appears cyclic in the ONL with a peak at ZT 15 (Fig. 2D), expression in the INL increases 
during the light hours (Fig. 2A-C) until it remains constant from ZT 23 on, and expression in the GCL seems most 
intense at ZT 23 (Fig. 2C). The overall transcript expression measured by qRT-PCR resembles cry3a expression 
in the ONL: it steady increases during the day, peaks at ZT 15, and decreases again during the dark hours (Fig. 
2A’). For its paralog cry3b a similar pattern was found with a steady increase during the day and a decrease after 
light offset (Fig. 2E’). The riboprobe of cry3b stains all retinal layers in a circadian manner (Fig. 2E-H). The oscil-
lating expression in the GCL is similar to the qRT-PCR result with an increase in intensity during the day (Fig. 2E-
H). Expression in the ONL is very weak at ZT 3 (Fig. 2F), increases until ZT 11 (Fig. 2G), and remains stable dur-
ing later time points (Fig. 2H). The INL (mostly horizontal cells, see arrowheads Fig. 2H) reveals the most intense 
staining of cry3b in the evening and at the beginning of the night (Fig. 2G,H), whereas expression in the morning 












Figure 2: Circadian transcript expression of cryptochrome 3 paralogs in adult zebrafish retinas. 
A-H: In situ hybridization using cry3a (A-D) and -3b (E-H) riboprobes on radial sections of the adult zebrafish retina at different 
time points. A’,E’: qRT-PCR analysis showing circadian expression of cry3a (A’) and cry3b (E’) transcripts in retinal tissue. Over-
all, expression of cry3a increases during the day in all retinal layers containing cell somata (ONL, INL, GCL). Especially expression 
in photoreceptors (ONL) is strongly circadian and peaks at Zeitgeber time (ZT) 15 shortly after the light is turned off (D). A 
prominent staining in horizontal cell in the evening is visible (arrowheads in D). qRT-PCR results show that the abundance of 
cry3a transcripts increases after light onset and is highest at ZT 15, before it decreases again during the night (A’). 
A similar in situ hybridization result as cry3a reveals cry3b with an increase in expression in all retinal layers during the day (E-
H). Also expression in horizontal cells is seen but only at ZT 15 (arrowheads in H). Overall expression at ZT 11 (G) and 15 (H) 
appear to be of similar intensity. The qRT-PCR graph is comparable to cry3a as well: a steady increase of transcript expression 
from dawn throughout the day, and a decrease soon after the light is turned off (E’). 
The qRT-PCR values were averaged from three independent samples. Grey and white shading in qRT-PCR graphs represent night 
(lights off) and day (lights on), respectively. On the x-axis the time in daytime and ZT is given. GCL: ganglion cell layer; INL: inner 
nuclear layer; IPL; inner plexiform layer; ONL: outer nuclear layer; OPL: outer plexiform layer. Scale bar in H (applies to all im-
ages A-H) = 20 µm. 
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Transcript abundance of cry2 peaks at ZT 23 before light onset, declines constantly and reaches its base level in 
the evening between ZT 11 and 15 around light offset (Fig. 3A’). Similar to that the most intense in situ hybridiza-
tion staining was detected at ZT 23 in the ONL and INL (Fig. 3A,B). Expression in these layers are nearly vanished 
at ZT 11 (Fig. 3C) but appears a bit higher again at ZT 15 (Fig. 3D). In the GCL cry2 mRNA reveals the highest 
expression at ZT 3 (Fig. 3B) but was not detected in the evening (Fig. 3C,D). 
The zebrafish cry4 qRT-PCR analysis reveals a steady increase in transcript abundance after ZT 23 with a peak at 
ZT 15. During the night the quantity of mRNA diminishes and reaches a trough around ZT 23 (Fig. 3E’). In situ 
hybridization revealed overlapping results: cry4 expression is nearly invisible at ZT 23 (Fig. 3E), and increases in 
intensity in all layers during the next time points (Fig. 3F-H). 
The circadian expression profile of cry5 shows a sharp peak after light onset before returning back to base level 
and remaining low until the next light on period (Fig. 4A’). Although overall expression of cry5 in adult retinal 
slices is low, it appears highest at ZT 3 in all retinal layers (Fig. 3B). Additional staining at other time points is 
only seen in the INL (Fig. 4A,C,D). 
Overall transcript abundance of cryDASH is highest but fluctuating at ZT 3, has a trough at ZT 11, and increases 
during the dark hours (Fig. 4E’). cryDASH is weakly expressed in all retinal layers during in the morning (Fig. 








Figure 3: Circadian RNA expression of cryptochrome 2 and -4 in adult zebrafish retinas. 
A-H: RNA expression shown by in situ hybridization of adult retinal sections using the cry2 (A-D), and the cry4 (E-H) riboprobe. 
A’,E’: qRT-PCR analysis showing circadian expression of cry2 (A’) and cry4 (E’) transcripts in retinal tissue. cry2 is highly ex-
pressed in the ONL, INL, and GCL at 7 am (A). While the intensity of the staining in the INL seems to drop from Zeitgeber time 
(ZT) 23 to 3 around light onset, the expression in photoreceptors and the GCL seems stable (A,B). Later on during day the expres-
sion of cry2 decreases in all layers (C,D). cry2 transcript expression peaks at ZT 23, steadily decreases during the day, reaches a 
base level at ZT 11 and increases again during the night after ZT 15 (A’). 
The zebrafish cry4 shows no expression at ZT 23 (E). From 4 hours later on the cry4 riboprobe stains all retinal layers (F-H). 
Moreover, expression in photoreceptors (ONL) and the GCL seem to increase between ZT 3 (F) and 15 (H). The amount of cry4 
mRNA transcripts in adult eyes increases after the light is turned on, peaks at ZT 15 shortly after light offset, and falls back to the 
base level during the night (E’). 
The qRT-PCR values were averaged from three independent samples. Grey and white shading in qRT-PCR graphs represent night 
(lights off) and day (lights on), respectively. On the x-axis the time in daytime and ZT is given. GCL: ganglion cell layer; INL: inner 
nuclear layer; IPL; inner plexiform layer; ONL: outer nuclear layer; OPL: outer plexiform layer. Scale bar in H (applies to all im-
ages A-H) = 20 µm. 
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Figure 4: Circadian expression of cryptochrome 5 (6-4 phr) and –DASH in adult zebrafish retinas. 
A-H: In situ hybridizations on radial sections trough the adult retina with the cry5 (A-D) and the cryDASH (E-F) antisense RNA 
probe. A’,E’: qRT-PCR analysis showing circadian expression of cry5 (A’) and cryDASH (E’) transcripts in retinal tissue. Expression 
of cry5 is only visible in the INL at Zeitgeber time (ZT) 23 (A). Later on after the light is turned on the cry5 riboprobe reveals a 
broader expression and additionally stains cells in the ONL and the GCL (B). However, at ZT 11 (C) and 15 (D) the cry5 expression 
level is again very low and restricted to the INL. Transcript levels of cry5 in adult eyecups increase after light onset, reach a peak 
at ZT 3, decline again until a base level is reached at ZT 11 and remain low until the next day (A’). 
cryDASH is expressed in the INL and the GCL in all sections (E,F,H) but not at ZT 11 (G). Additional weak expression is visible in 
the ONL in sections from tissue fixed in the morning (E,F). The qRT-PCR reveals a peak in cryDASH transcript levels at ZT 3 and a 
trough at ZT 11 (E’). The high standard deviation at ZT 3 suggests large fluctuation in mean values at this time point. 
The qRT-PCR values were averaged from three independent samples. Grey and white shading in qRT-PCR graphs represent night 
(lights off) and day (lights on), respectively. On the x-axis the time in daytime and ZT is given. GCL: ganglion cell layer; INL: inner 
nuclear layer; IPL; inner plexiform layer; ONL: outer nuclear layer; OPL: outer plexiform layer. Scale bar in H (applies to all im-
ages A-H) = 20 µm. 
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7.5 Discussion 
Cryptochromes possess two chromophore binding domains (MTHF and FAD) that serve as receptors for UV- and 
blue light (reviewed in Chaves et al., 2011). After their initial description in plants (Ahmad & Cashmore, 1993) 
and the discovery of them mediating light-dependent developmental processes (Guo et al., 1998; Somers et al., 
1998), they were soon after found to be involved in circadian processes of insects (Emery et al., 1998) and verte-
brates (Miyamoto & Sancar, 1998). Mice with outer retinal degeneration lacking cryptochromes show impaired 
circadian entrainment, and if both genes are lost the animals behave totally arrhythmic (van der Horst et al., 
1999; Vitaterna et al., 1999). Since in mammals visual information travels only via the retina to higher brain 
regions where the central pacemaker is located (Foster et al., 1991; Nelson & Zucker, 1981), a signaling pathway 
that reacts to light but is independent of visual photoreception must be present. Both mammalian Crys are pre-
sent in the retinal ganglion cell layer (Miyamoto & Sancar, 1998; Thompson et al., 2003) where non-visual photo-
reception originates (Berson et al., 2002; Leak & Moore, 1997). This makes them a reasonably good candidate for 
being involved in non-image forming vision, either acting directly as the light sensing molecule or within the 
signaling pathway to higher brain regions. However, during the last decade melanopsin was found to constitute 
the main input to the central clock (Hattar et al., 2003; Owens et al., 2012) and it seems unlikely that another 
receptor is participating in circadian photoreception. But the question whether a cryptochrome could be in-
volved in circadian signaling pathways to the brain remains open. 
7.5.1 Possible roles of cryptochromes 
Over the past years the zebrafish (Danio rerio) has emerged as a fruitful model for a variety of scientific research 
fields. The cryptochrome family has already been studied in zebrafish (e.g. Ishikawa et al., 2002; Kobayashi et al., 
2000; Tamai et al., 2007), however, knowledge about their specific expression in the retina is lacking. We inves-
tigated circadian expression patterns of zebrafish crys in various retinal layers in order to find evidence for an 
involvement in non-visual processes. While mammalian Crys have been shown to act light-independently within 
the negative transcriptional feedback loop of the central clock where they inhibit CLOCK-BMAL1-mediated tran-
scription (Griffin et al., 1999; Kume et al., 1999; Shearman et al., 2000), the Drosophila cryptochrome functions 
instead as a light-dependent suppressor of PER-TIM-mediated inhibition of transcription (Ceriani et al., 1999). 
This separates cryptochromes into two subgroups dependent on their ability to inhibit CLOCK-BMAL1-mediated 
transcription. The zebrafish Cry1 and -3 paralogs belong to the mammalian-type Crys, whereas Cry2, -4, and -5 
are grouped as Drosophila-type Crys (Daiyasu et al., 2004; Kobayashi et al., 2000). CryDASH is not grouped to-
gether with the former groups and forms a third group. If certain Crys are involved in similar processes it would 
not be surprising to find similar oscillation and expression patterns for crys within the same group. Phylogeny of 
the cryptochrome family shows that the Cry1 paralogs are the closest relatives of the mammalian Cry1. In the rat 
retina cry1 shows the highest transcript expression at Zeitgeber 2 (around 10 am) and stays more or less stable 
at a lower level between 6 and 18 hours after light onset (Kamphuis et al., 2005). While the zebrafish cry1a peaks 
at ZT 3 and has a trough in the dark phase (Fig. 1A’), its paralog shows both a trough and a peak in the dark 
phase and decreases during the light phase (Fig. 1E’). Although Cry1a and -1b are classified as mammalian-type 
Crys and on first sight their expression profiles are similar to the pattern of cry1 in nocturnal rats (Kamphuis et 
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al., 2005), the circadian pattern of zebrafish cry1a show an almost perfect match to the circadian expression in 
diurnal chicken cry1 and Drosophila cry (Emery et al., 1998; Kubo et al., 2006). This suggests similar functions for 
those orthologs. In some insects, Cry acts as the circadian photoreceptor itself to entrain clocks present in every 
cell throughout the body (Plautz et al., 1997; Emery et al., 1998). A few years ago, the Whitmore lab described a 
similar ability of zebrafish peripheral cells: they sense light and entrain cell-autonomously to light-dark cycles 
over the directly light-inducible Cry1a (Whitmore et al., 2000; Tamai et al., 2007). Since the transcription starts 
to increase during the night, the cycling of cry1a has to be at least partially under autoregulatory control. The 
broad and cyclic expression of the cry1a riboprobe (Fig. 1A-D) is consistent with the idea of the molecule being 
involved in light input to cell-autonomous circadian clocks. 
Although the oscillation patterns of cry1 paralogs differ, cry1b transcript abundance also increases before the 
light phase (Fig. 1E’). The cry1b riboprobe is found in all retinal layers from shortly before light onset at ZT 23 on 
and is only visibly reduced at ZT 15 (Fig. 1E-H). The expression pattern of cry1b in zebrafish described by Koba-
yashi and colleagues via Northern blot and RNase protection assays (Kobayashi et al., 2000) shows a second 
peak around Zeitgeber 13. This discrepancy to our result can be explained by the different tissues analyzed: 
while they used brain and eye preparations, we focused specifically on the eye. However, the expression levels of 
cry1 in rat retinas resemble our results for cry1b (Kamphuis et al., 2005). Since Cry1a is thought to act as a pe-
ripheral clock component, the ancestral functions of the gene may have split with Cry1b is being exclusively in-
volved in the feedback loop of the core clock similar to the mammalian Cry1. 
Cry3s are descendants of a lost cry1 homolog and are only retained in the genomes of teleost fish (see Chapter 6). 
Their oscillation pattern is closely matched with a steady increase after light onset and a decrease during the 
night (Fig. 2A’,E’). In this case light input or a secondary pathway acting over light may trigger transcript level 
increase and an auto controlled degradation their decrease during the night. Both paralogs reveal a broad ex-
pression in all retinal layers (Fig. 2A-H). While cry3a expression is oscillating strongest in the photoreceptor 
layer, cry3b shows the strongest pattern in the GCL. Prominent is the labeling of horizontal cells for both 
paralogs (arrowheads in Fig. 2D,H). Since Cry3a and -3b are described as mammalian-type Crys, and their circa-
dian profile matches the mammalian Crys (Preitner et al., 2002), a function as a circadian clock component is 
possible. However, as the Somalian cave fish (Phreatichthys andruzzii) that has degenerated eyes still retained 
both copies of this gene (www.uniprot.org) similar to the zebrafish another light-independent function in pe-
ripheral tissues is also expected. 
The oscillation pattern of the zebrafish cry2 is clearly distinct from its rodent orthologs: while in zebrafish cry2 
transcript abundance increases during the night and decreases during the day (Fig. 3A’), the rodent’s cry2s be-
have the other way round (Preitner et al., 2002; Kamphuis et al., 2005). Surprisingly, studies involving human 
cells show a tendency to decrease cry2 expression during the day and increase it during the night, similar to 
zebrafish (Kusanagi et al., 2008; Yang et al., 2011). In chicken and goldfish cry2 expression levels were measured 
in various tissues and a similar oscillation pattern to the zebrafish retina was found in the retina but not else-
where for these species (Kubo et al., 2006; Velarde et al., 2009). Although the zebrafish Cry2 groups with the 
mammalian Cry2s (see Chapter 6), it belongs to the Drosophila-type Crys. However, signaling may not only occur 
over inhibition of CLOCK:BMAL1-mediated transcription. If the physiological role of this cryptochrome depends 
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on activity rhythms and is therefore similar in diurnal and nocturnal animals, the zebrafish and the human Cry2 
might still have similar functions. Moreover, the different oscillation patterns found in the examined tissues of 
chicken do not suggest identical function all over the body. A light-dependent inhibition of expression could ex-
plain the decrease in retinal cry2-levels during the light-phase and their increase during darkness (Fig. 3A’). 
While direct light-dependent degradation has not been detected in any of the biochemically tested properties of 
vertebrate cryptochromes, it was found to be present in Drosophila (Sathyanarayanan et al., 2008; Ozturk et al., 
2009). Besides that, another also light-dependent function for Cry2 in magnetoreception was recently described 
(Gegear et al., 2008; Yoshii et al., 2009; Foley et al., 2011). While in migratory birds the sensation of the magnetic 
field seems a useful source of compass navigation (Ritz et al., 2000), it is currently unknown which role it may 
has in other animals or whether it is actually even present. For fish like zebrafish that more or less permanently 
stay in the same habitat during their life (Engeszer et al., 2007), magnetoreception does not seem to be of big 
importance and might – if functional – just be an evolutionary relict. 
Knowledge about cryptochrome 4 is scarce, since it belongs to the Drosophila-type Crys and is only present in 
birds, fish, and lizards (Chapter 6; Kobayashi et al., 2000). In the zebrafish retina cry4 shows a steady increase in 
expression during light hours and a decrease during dark hours (Fig. 3E’), which suggests a light-dependent reg-
ulation of expression. The chicken pineal gland reveals a similar oscillation pattern for cry4, whereas in the reti-
na the decline already starts before the light is turned off (Kubo et al., 2006). In addition, in other tissues of 
chicken, cry4 shows either a different expression pattern or does not oscillate at all, which suggests that cry4 has 
not a crucial function within the circadian clock. On the molecular level, cry4 still possess the ability of blue-light 
absorption (Kubo et al., 2006; Ozturk et al., 2009). Whether this cryptochrome still uses this ability in vivo has 
not been shown so far. The light-dependent increase in cry4-transcript levels is discussed to act as so called “time 
taker”. A molecule with a similar function was found by McWatters and colleagues in Arabidopsis (McWatters et 
al., 2000). Why it is only present in lower vertebrates and what function it may confine is still elusive. 
While mammalian Crys have lost their ancestral ability of light-dependent repair of UV-induced DNA damage, 
Cry5 has maintained this function (Kobayashi et al., 2000). The detected spike-like peak around midday in tran-
script expression seems a plausible response to the increasing UV-light (Fig. 4A’). A small raise in expression 
level is already seen at ZT 23 (Fig. 1A,A’), which may be a preceding reaction to light onset. Although expression 
in the retina is broad, overall level appears low compared to other family members. A stronger expression might 
be triggered by the application of higher doses of UV-light when actual damage is induced. Cry5 function in 
zebrafish has been shown to have a strong impact on embryonic survival (Tamai et al., 2004) and a photorepair 
system seems to be present in fish (Dong et al., 2007). However, a direct link between Cry5 repair activity and 
zebrafish viability has not been shown so far. A preliminary experiment performed in our lab revealed slightly 
increased apoptotic rates in zebrafish fins upon downregulation of Cry5, suggesting an in vivo DNA repair activi-
ty (data not shown). 
CryDASH has only been found in bacteria, plants, fish, and frogs (Hitomi et al., 2000; Kleine et al., 2003; Daiyasu 
et al., 2004). Weak photorepair activity was detected in CryDASH of bacteria, zebrafish, and Xenopus (Hitomi et 
al., 2000; Daiyasu et al., 2004) but not in plants. Although with a high fluctuation at 11 am (Fig. 4E’), zebrafish 
cryDASH reveals an oscillating expression in the retina. Similar to cry5, overall expression is low (Fig. 4E-H) but 
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peaks at ZT 3. This could as well be a reaction to DNA damage. So far no other function than DNA repair is dis-
cussed for CryDASH in vertebrates and an involvement in circadian photoreception seems unlikely. 
We did not expect to find such a broad expression for each cryptochrome in the zebrafish retina. Therefore, a 
function in non-visual photoreception cannot be clearly assigned to an individual family member. However, the 
evident oscillating expression of each cry in the zebrafish eye suggests involvements in circadian processes, 
whether it is the above mentioned non-visual photoreception or other processes remains open. 
7.5.2 Peripheral and central clocks 
Although a circadian clock is present in the majority of cells throughout the mammalian body (Balsalobre et al., 
1998; Reppert & Weaver, 2002; Nagoshi et al., 2004), a central organizer is needed to synchronize them in a 
hierarchical manner (reviewed in Dibner et al., 2010). Rhythmic variations in melatonin blood level for example 
are driven by a light-dependent input from the central clock to the pineal gland, and convey one of the major 
outputs of the circadian clock (reviewed in Pevet & Challet, 2011). In lower vertebrates such as fish (Samejima et 
al., 1997; Ekström & Meissl, 1997), reptiles (Menaker & Wisner, 1983), and birds (Okano & Fukada, 2001), the 
pineal gland and the deep brain were found to contain photoresponsive cells themselves which do not need in-
put from a higher brain center. Moreover, as mentioned above, peripheral cells in zebrafish are directly 
entrainable by light and possess a cell autonomous circadian clock (Whitmore et al., 2000). The organization of 
the circadian system seems to differ between mammalian and non-mammalian vertebrates, in so far as in the 
latter a hierarchical organisator is not needed. Therefore, the retina cannot be seen as the sole source of circadi-
an photoreception. This further raises the question whether it is reasonable to quest for molecules involved in 
circadian processes within the eye in a non-mammalian vertebrate. Grasping an evolutionary perspective, nature 
may has invented retinal input to the circadian system only once and the mechanism might be conserved be-
tween lower and higher vertebrates. In mammals, the master clock in the SCN fully relies on light input from 
melanopsin and photoreceptors (Hattar et al., 2003). Only recently it was found that zebrafish possess five dif-
ferent melanopsin subtypes of which two of them are present in the adult retina (Davies et al., 2011). Whether 
they mediate similar functions as in mammals is currently unknown. Already known is that melanopsin is not 
involved in light-input to peripheral pacemakers. Its expression is mainly restricted to the central nervous sys-
tem in zebrafish (Balsalobre et al., 1998; Matos-Cruz et al., 2011) and molecules that are involved in such a func-
tion need to be present in a variety of tissues. In zebrafish, Cry1a was found to be the molecule guiding the light 
signal to peripheral oscillators (Tamai et al., 2007). The signaling pathway trough which Cry1a acts on the clock 
components is not fully understood but seems to involve other clock proteins such as CLOCK and BMAL (Tamai 
et al., 2007). Other cryptochromes are possibly involved within that signaling pathway (Cermakian et al., 2002) 
and might adopt the function of the clock component that Cry1/2 have in mammals.  In some insects both a Dro-
sophila-type and mammalian-type cryptochromes were found (e.g. monarch butterfly in Zhu et al., 2008). This 
provides evidence that an ancestral clock might has used both types of cryptochromes, one as a light sensor and 
the other as transcriptional regulator. During evolution Cry function may have changed from the photoreceptive 
molecule to a core clock component independent of light. 
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To sum up, although expression levels vary, the in situ hybridization results clearly show that all cryptochromes 
are broadly expressed throughout all retinal layers and exhibit circadian transcript oscillation in the retina. We 
could not find a cry clearly oscillating only in a distinct retinal layer. However, our study provides a general over-
view of cryptochrome expression in zebrafish in a tissue relevant not only for visual light input. Non-visual pho-
toreception clearly involves Cryptochromes, as has already been shown by Tamai and colleagues (Tamai et al., 
2004). This function accomplished in peripheral cells might be similar in retinal cells, however, the retina has not 
been investigated so far. Besides that, the broad expression of crys in the zebrafish retina suggests other func-
tions such as magnetoreception or DNA damage repair. They might even contribute to visual input or, since they 
are activated by UV- and blue light, participate in light adaptation processes in the low light range. 
 
7.6 Outlook 
Whether oscillation of a certain cryptochrome is circadian regulated or only induced by light can only be shown 
with the evaluation of expression patterns under constant conditions. In future experiments, we will study ex-
pression for each cry under DD conditions. Preliminary experiments of cry2 and cry4 expression in retinas from 
adult zebrafish kept in constant darkness for four days do not show any differences to the LD results which sug-
gests circadian regulation of retinal cry expression. Besides that, it has been shown that feeding can alter circadi-
an expression of genes in zebrafish (Sanchez & Sanchez-Vazquez, 2009; Feliciano et al., 2011). However, our 
preliminary results show that feeding has no significant influence on cryptochrome expression in the adult retina 
(data not shown). 
We aimed to see oscillation patterns of crys within a retinal layer. qRT-PCR was performed on whole adult 
zebrafish eyecups. Therefore, we were not able to distinguish between cyclic expressions in different retinal 
layers. Cutting only one retinal layer or a single cell from one layer with a laser and perform qRT-PCR on that 
tissue would solve this problem. Whether this works for zebrafish retinal layers has to be investigated, but 
would certainly help us finding specific oscillation patterns. We already investigated layer-specific transcript 
oscillation by in situ hybridization. However, this technique is not quantitative but only shows mRNA expression 
at a specific location. Although our results show rhythmic expression of crys in zebrafish retinal layers, it cannot 
be significantly proven. Here, a fluorescent in situ hybridization (FISH) could help since fluorescence intensity 
could be measured over a region of interest and set in relation to a base level. 
So far, our results did not help us much to find a certain cryptochrome which might has a function in retinal cir-
cadian light-uptake and where we can focus our research on. However, after our broad phylogenetic approach it 
might be more fruitful to quest for the function of zebrafish cryptochromes that have not been previously inves-
tigated and are expected to have specific roles, maybe even in visual processes. Here, a morpholino knock down 
followed by behavioral analysis could be used. In addition, it would also be possible to test the impact of 
cryptochromes on circadian activity patterns using the visual motor response setup (Emran et al., 2008). A quest 
for conserved regions that are known to be necessary for specific biochemical functions (binding of a 
chromophore, binding to DNA for repair, etc.) could be done with cryptochrome sequences from different spe-
cies. This might give us further knowledge about in what kind of physiological processes zebrafish 
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cryptochromes are involved. Moreover, from tomato it is known that cryptochromes are able to regulate each 
other’s expression (Facella et al., 2006). A yeast-two-hybrid approach could validate interactions within 
cryptochromes and between cryptochromes and other proteins. This should shine more light on the circuits that 
control circadian behavior in zebrafish and would also allow us to focus on more specific properties of 
cryptochromes. 
While working with oscillating mRNA expression one has to keep in mind that mRNA expression does not neces-
sarily reflect protein expression levels. Translation to proteins and functional impact is delayed. Preitner et al. 
have shown that the phase between transcription and translation into a protein is about 2 hours (Preitner et al., 
2002). However, not only protein turnover but also protein decay strongly influences protein levels. To date, 
nothing is known about the turnover of cryptochromes which makes speculations about protein level oscillations 
impossible. Only the development of zebrafish-specific cryptochrome antibodies could help. 
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Mammals use their retina for both visual and non-visual photoreception. This complicates the study of non-
visually guided behaviors such as circadian rhythmicity. In lower vertebrates extraocular photoreceptors located 
in peripheral tissues contribute to non-visual light perception. Melanopsin, ancient opsins such as TMT-opsin or 
VA-opsin as well as cryptochromes are photopigments expressed in such tissues and therefore discussed to be 
involved in such processes but it still remains open to what extent they influence circadian activity levels and 
non-visually guided light perception. As lower vertebrates possess cell-autonomous circadian clocks they bear 
the possibility to study circadian activity levels without the influence of eyes. To benefit from this we used wild-
type and eyeless larval zebrafish to decipher the influence of eyes on activity levels. Moreover, using different 
spectral light enabled us to measure the wavelength dependency of visually and non-visually guided photopic 
behaviors, thereby gaining information about the photoreceptors involved in these tasks. 
While eyeless fish did not show activity level differences between day and night, we found that these fish show a 
fast response upon dark to light transitions under white light or when omitting UV-light but not under red light, 
suggesting that the light-ON response is driven by an extraocular photoreceptor absorbing light in the blue to 
green range. OFF-responses are likely driven by a photopigment located within the eye, since such a behavior 
was never observed in eyeless mutant fish. Moreover, a large variety of photopigments are likely involved in 
these processes, since these responses could be elicited using different light spectra. After raising the fish in dif-
ferent light conditions a qRT-PCR analysis was performed. Fish raised only under red light showed a 
downregulation in some but not all cryptochrome mRNA levels. To what extend this influenced certain behaviors 
can only be shown by specific downregulation followed by behavioral testing. Although these results are only 
preliminary and further studies are needed for confirmation, they show the impact of light conditions on light-
mediated behaviors of zebrafish and help us distinguishing the photoreceptive molecules involved in such tasks. 
  




In mammals the retina is exclusively involved in both visual and non-visual input to higher brain centers (Hattar 
et al., 2003). Lower vertebrates however do not only rely on their eyes but additionally possess peripheral pho-
toreceptors that perceive non-visual input. Information about irradiance gained by such extraretinal photorecep-
tors majorly influences daily or seasonal changing behaviors such as activity level (Garg & Sundararaj, 1986) or 
reproductivity (Kang et al., 2010). It is well established that removing of the pineal gland or other deep brain 
structures in lower vertebrates such as birds, lizards or fish has various effects on circadian physiology and sea-
sonal reproduction (Zimmerman & Menaker, 1979; Underwood & Menaker, 1976; Menaker & Keatts, 1968; Un-
derwood, 1990). During the last decade photoreceptive cells have been discovered in both the pineal gland 
(Frigato et al., 2006; Bailey & Cassone, 2005) and the deep brain (Halford et al., 2009; Nakane et al., 2010) of 
lower vertebrates. In mammals, melanopsin, a vitamin A based photopigment located in specific ganglion cells, is 
known to account primarily for non-visual photoreception (Hattar et al., 2003). Melanopsin-containing cells have 
also been found in non-mammalian vertebrate retinas (Frigato et al., 2006; Bailey & Cassone, 2005; Matos-Cruz 
et al., 2011), however, due to extraocular photoreception non-image forming vision is far more complex in these 
animals. Opsins such as the vertebrate ancient (VA) opsin or the teleost multiple tissue (TMT) opsin have been 
discussed to be involved in circadian photoregulation since they absorb light at the behaviorally measured wave-
length to mediate such processes and are expressed in photosensitive tissues (Davies et al., 2010; Moutsaki et al., 
2003). Besides that, the family of cryptochromes (Crys) is also discussed to act as non-visual photopigment. Alt-
hough not all cryptochromes are still directly photosensitive, they all possess chromophore binding domains that 
let them absorb light in the UV- and blue-light range (reviewed in Chaves et al., 2011). Moreover, the light-
responsive cryptochrome 1a has already been shown to mediate cell-autonomous circadian oscillation in 
zebrafish (Tamai et al., 2007). 
To date many studies describe extraocular photoreception including its visual pigments. However, it is still un-
clear to what extent they influence circadian activity levels. The zebrafish, a widely used model organism in sci-
ence, is well suited for such studies. Its larvae develop relatively fast and show reliably measurable behaviors 
already shortly after hatching. Transparent body tissue enables light to penetrate the skin and thereby act direct-
ly on cells and organs. Due to an additional whole genome duplication followed by retainment of a large percent-
age of duplicated genes (Force et al., 1999), the zebrafish possess one of the largest varieties of photosensitive 
molecules (for an overview, see Davies et al., 2010). These are not only expressed in the retina but also in other 
photosensitive structures such as the pineal (Mano et al., 1999; Tarttelin et al., 2011) and other parts of the brain 
(Moutsaki et al., 2003; Matos-Cruz et al., 2011). Mammals lacking eyes experience circadian blindness (Freed-
man et al., 1999). This complicates decipherment of circadian activity and photovisual responses. Since zebrafish 
possess cell-autonomous circadian clocks (Whitmore et al., 2000) the eyes may be completely irrelevant for cir-
cadian rhythmicity. This can directly be tested in chokh mutants. Due to a mutation in the rx3 homeodomain-
containing transcription factor, which prevents the evagination of the immature optic cup from the brain, these 
mutants lack any visible eye (Loosli et al., 2003). Hence, they are uniquely suited to study activity level and cir-
cadian expression profiles without the influence of any photoreceptive cell in the retina. Furthermore, an in vivo 
study on wavelength response of circadian photoreceptors is possible. Together, these experiments should give 
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us more insight into the wavelength dependent development of light-mediated behaviors of larval fish. Finally, 
by using narrow-band LEDs, we can also assess the spectral properties of the photopigment involved in these 
behaviors. 
We measured activity levels between 3 and 5 dpf (days post fertilization) of wild-type and chokh mutant larval 
zebrafish. Since we observed no activity level changes in eyeless fish we suggest that circadian activity rhythms 
are dependent on light input through eyes. The startle response of larval zebrafish shown upon fast changes in 
illumination reflects protective behavior to flee an approaching predator, which enables measurements of light 
ON- and OFF-locomotor responses (Emran et al., 2008). We found that blue and green light is necessary to elicit a 
robust startle response. While fish raised under red light lacked ON- but showed OFF-responses, we suppose 
that a short wavelength receptor such as the cryptochromes is involved in the light-input pathway of the ON-
response. To our surprise chokh mutants showed a startle response when turning the lights on under all light 
conditions, suggesting that the startle-ON-response is robustly driven by an extraretinal photopigment. To shine 
more light on the influence of cryptochromes to these light-mediated processes, we performed a qRT-PCR study 
using wild-type fish and fish lacking eyes. We found a clear downregulation of some but not all crys when raising 
fish only under red light, which is not able to activate the blue light absorbing cryptochromes. Surprisingly, cry4 
and -5 were upregulated in eyeless fish which raises the question of how cryptochrome expression is actually 
regulated. 
 
8.3 Material and Methods 
8.3.1 Fish maintenance 
Adult fish were kept under standard conditions at a 14h/10h light/dark cycle at 28°C. All experiments were per-
formed in accordance with the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research and 
were approved by the local authorities (Veterinäramt Zürich TV4206).  
8.3.2 Visual motor response (VMR) 
8.3.2.1 VMR setup 
Emran and colleagues developed a tracking setup to measure activity levels in fish larvae (Emran et al., 2008). A 
similar setup was built in our lab by Kaspar Müller (Mueller, 2011; see Fig. 1 for an overview). The well plate was 
illuminated from below with an array of 36 infrared-emitting diodes (λpeak = 880 nm) shielded by a diffuser. In 
addition to that, the array contained 36 UV- (λpeak = 361 nm), blue- (λpeak = 435 nm), cyan- (λpeak = 500 nm), and 
red- (λpeak = 630 nm) light emitting diodes (LEDs) each. Each color can be singly lit, and the brightness of each 
color can be controlled by a pulse-width modulator (PWM83; National Control Devices, Osceola, MO, USA) con-
nected to the serial port of a computer. Brightness levels of the LEDs were measured in lux with a spectrometer 
(USB2000+XR1; Ocean Optics, Dunedin, FL, USA) and were 5 for UV only, 608 for red only, 1366 for red, green 
and blue together, and 1350 for the full spectrum. Larvae were monitored from above using an infrared sensitive 
CCD-camera (Pike F-032B; Allied Vision Technologies, Stadtroda, Germany) equipped with a zoom lens 
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(C6Z1218-FA; Pentax, Hamburg, Germany) fitted 
with an IR-pass filter (IF-093-SN1-49; Schneider-
Kreuznach, Bad Kreuznach, Germany). Detection 
and tracking of individual larvae was done by a 
custom-made software based on LabView 7.1 and 
NI-IMAQ 3.7 (National Instruments). Swimming 
speed of each larva was calculated in real time at 
20 frames per second, averaged over periods of 1 
second, and written to disk every second. The 
startle response was separately analyzed for each 
light/dark transition. Activity levels of the larvae 
were averaged over 2 seconds and the highest 
activity in each condition was set as 1. All other 
activities were calculated as a percentage of this. 
 
 
8.3.2.2 VMR experiments 
Immediately after the lights were turned on in the morning (8 am) a male and a female fish were placed together 
in a breeding tank which had been set up the previous afternoon. Wild-type fish of the strain “Tü” (Haffter et al., 
1996) and chokh mutants (Loosli et al., 2003) were used for these experiments. 45 to maximally 60 minutes lat-
er, the eggs were collected, cleaned and placed into the VMR room in a petri dish containing E3 (5mM NaCl, 
0.17mM KCl, 0.33mM CaCl2, and 0.33mM MgSO4). The VMR room had a constant temperature of 28°C. Addition-
ally, the light cycle was adjusted to 14h/10h light/dark and 8 am was set as Zeitgeber time (ZT) 0. The conditions 
used included a dark/dark cycle without any light, UV, blue, green, and red and each color separate or in combi-
nation. After two days, unhatched embryos were dechorionated under the appropriate light conditions. On the 
3rd day of development the mutants, siblings or wild-type larvae were placed randomly into a 48-well plate (one 
larvae/well) (677 102; Greiner Bio-One, St. Gallen, Switzerland) containing E3 medium and recording for the 
next 50 hours started at ZT 3.5. After the recording was finished the larvae were immediately collected and sacri-
ficed using ice-cold tricaine (MS-222; Sigma-Aldrich, Buchs SG, Switzerland) in E3. E3 was exchanged with RNA-
later (Sigma-Aldrich) and the samples were fast frozen in liquid N2 for subsequent RNA collection for qRT-PCR 
analysis. 
8.3.3 Quantitative real-time PCR (qRT-PCR) 
Frozen tissue was thawed on ice and homogenized with a pistil and a sonificator (Sonopuls HD2070; Bandelin 
Electronic, Berlin, Germany). RNA was extracted with the NucleoSpin RNA II Kit (Macherey-Nagel) and RNA con-
centration was measured with a NanoDrop (ND-1000; Witec AG, Litau, Switzerland). Reverse transcription was 
performed with 400 ng RNA and the Superscript II kit (Invitrogen, Life Technologies, Zug, Switzerland). qRT-PCR 
Figure 1: Overview of the VMR-setup. 
Up to 48 larvae are placed in a well plate under the camera. A 
computer tracks and records their movements and controls illumi-
nation of the LEDs. Figure kindly provided by K. Müller. 
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was performed in a transcriptor (Applied Biosystems Prism SDS 7900HT; Life Technologies) using the MESA 
Green Kit (Eurogentec, Seraing, Belgium). Primer pairs (Sigma-Aldrich) used for qRT-PCR were specifically de-
signed to span an excised intron to avoid unspecific amplification of genomic DNA (Tab. 1). As a reference, the 
genes Rpl-13α (ribosomal protein L-13a), EF1α (elongation factor 1 alpha), and prkcα (protein kinase C alpha) 
were selected (Tang et al., 2007). Cryptochrome expression in tissue from larvae raised under the whole light 
spectrum was taken as reference set (standard = 1). The values are means +/- standard deviations. Analysis was 






Table 1: Primer pairs used for qRT-PCR analyses. 
Numbers within primer names indicate the position of the primer from the ATG on. 
 
  
Gene Primer Gene Primer
1a_dr_0359s F: CAGGCGTGGAGGTGATAG Rpl13a_dr_0251s F: GGACTGTAAGAGGTATGCTTC
1a_dr_0461as R: TGGAAGCGCTTATACGTG Rpl13a_dr_0330as R: GATGCCATCAAACACCTTC
1b_dr_0738s F: ACACCGGTCAGTGATGATC EF1a_dr_0607s F: GAGGCCAGCTCAAACATG
1b_dr_0819as R: TGGACAGTCCCTCTGTTTC EF1a_dr_0698as R: TCAAGGGCATCAAGAAGAG
3a_dr_1078s F: GCTGTTGCATGTTTCCTC prkca_dr_0363s F: GGACTCATACACCAAGGAATG



























8.4.1 Activity levels of zebrafish larvae raised in different light conditions 
The VMR can give information about the activity of the zebrafish larvae as well as their immediate reaction upon 
changes in illumination. In our first experiment we compared activity levels of wild-type larvae raised under 
complete darkness or under UV-light (Fig. 2), a spectrum that should activate cryptochromes which absorb light 
in this range. Fish raised in darkness show a medium level of activity and no obvious change between the subjec-
tive day or subjective night between the 3rd and the 5th day of development (Fig. 2A). In contrast to that, wild-
type fish increased their swimming speed immediately after UV-light is turned on (time = 20.5 h and 44.5 h; 
Zeitgeber time (ZT) 0). This effect seems to increase with the age of the larvae. While no difference is seen direct-
ly upon lights-off (time = 10.5 h and 34.5h; ZT 14), overall activity seems decreased during dark hours.  
 
 
Figure 2: Average swimming speed of wild-type zebrafish larvae raised in complete darkness or under narrow-band 
UV- light. 
Recordings were taken for 50 hours between 3 and 5 dpf. Swimming speed of each larvae was measured and averaged for each 
time point. A:  Zebrafish larvae (n = 48) raised in darkness reveal a medium overall swimming speed. Changes between subjective 
day and night are not visible and spiking activity is low. B: Larvae raised under 14h UV-light/10h dark cycles (n = 48) clearly 
show an increase in swimming speed at the OFF-ON switch. The x-axis depicts the time in hours counted after the recording 
started (ZT 3.5) and lights-off periods are shaded in grey. 
 
8.4.2 Behavior of zebrafish larvae raised under different light spectra 
To access how larvae react towards raising in different light conditions and how these effects differ between 
wild-type and the eyeless chokh mutant we measured the larvae’s locomotor activity between the 3rd and the 5th 
day of development for 50 hours. The startle response elicited each time when light conditions change rapidly is 
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an indicator of the function of the retinal ON- and OFF-system. To investigate development of ON- and OFF-
responses and dependency of them on light conditions, each light/dark transition was analyzed individually. 
When raised under white light, wild-type fish show an increased swimming speed during the day (Fig. 3A). Over-
all, a high spiking activity is observed and during the lights-on periods rhythmic phases of activity levels that last 
for about 15 to 20 minutes. At light/dark transitions the larvae reveal a sharp increase in activity throughout 
development (Fig. 3A1-4). Chokh mutants do not show differences between day and night (Fig. 3B), and no spe-
cific increase upon lights-off could be measured (Fig. 3B1,3). On the other hand, eyeless fish seem to react upon 
lights-on since they show a startle response to that change in illumination at both 4 and 5 dpf (Fig. 3B2,4). Omit-
ting UV-light from otherwise white light causes an overall decrease in spiking activity in wild-type fish but still a 
slightly increased locomotor activity is observed during the lights-on periods (Fig. 4A). Startle responses at the 
time point of the light/dark transitions are clearly observed at all developmental stages (Fig. 4A1-4). Apparently, 
the activity levels of chokh mutants do not differ between day and night, however, a marginal increase in swim-
ming speed upon lights-on at 4 dpf can be observed (Fig. 4B). Similar to the white light experiments, only unspe-
cific increases in OFF-responses are seen in mutant fish at 3 dpf (Fig. 4B1). At 4 dpf the response is more promi-
nent but does not resemble the curve of a normal OFF-response (Fig. 4B3). The lights-on responses at both 4 and 
5 dpf seem a bit delayed but are clearly detectable (Fig. 4B2,4). 
Although activity levels are generally lower, fish raised under red light still show visible differences in locomotor 
activity during day and night (Fig. 5A). While the startle response at the light/dark transition seems normal a 
gradual decrease in activity level is only observed at 4 dpf (Fig. 5B1,3). Moreover, the dark/light transition 
caused no startle response but only a slight increase in overall activity at 5 dpf (Fig. 5A2,4). Overall activity 
throughout the measurement stayed at base levels in chokh mutant larvae (Fig. 5B). Lights-on and lights-off do 
not cause any fast changes in activity levels (Fig. 5B1-4). The response seen in Figure 5B1 and B2 starts before 
the illumination is switched and therefore does not correspond to a startle response. At 4 dpf the mutant larvae 
show a late increase in overall locomotor activity (Fig. 5B3). 
 




Figure 3: Activity levels of wild-type and chokh larvae raised under white light. 
Recordings were taken for 50 hours between 3 and 5 dpf. A: 50 hour recording of wild-type zebrafish larvae (n = 48) reveal an 
increased swimming speed during lights-on periods. The x-axis depicts the time in hours counted after the recording started (ZT 
3.5) and lights-off periods are shaded in grey. A1-4: Activity level measurements during 1 min before and 1 min after the ON-OFF 
switch (A1,3; corresponds to the light OFF-response) and the OFF-ON switch (A2,4; corresponds to the light ON-response) reveal 
a sharp increase in motor activity between the 3rd and the 4th  (A1,2), and between the 4th and the 5th dpf (A3,4). B: 50 hour re-
cording of chokh mutants (n = 25) show no obvious difference in motor activity between lights-on (white) and lights-off (grey) 
periods. B1,3: Activity level measurements between 1 min before and 1 min after the ON-OFF switch (light OFF-response) show 
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no specific increase in activity at 3 dpf (B1) and 4 dpf (B3). B2,4: Activity level measurements 1 min before and 1 min after the 
light is turned on (ON-reponse) at 4 dpf (B2) and 5 dpf (B4) in the morning show an acceleration in swimming speed 
 
Figure 4: Activity levels of wild-type and chokh larvae raised without UV-light. 
Recordings were taken for 50 hours between 3 and 5 dpf. A: 50 hour recording of wild-type zebrafish larvae (n = 48) reveal re-
veals a minor increase in locomotor activity during the lights-on periods. The x-axis depicts the time in hours counted after the 
recording started (ZT 3.5) and lights-off periods are shaded in grey. A1-4: Activity level measurements during 1 min before and 1 
min after the ON-OFF switch (A1,3; corresponds to the light OFF-response) and the OFF-ON switch (A2,4; corresponds to the light 
ON-response) show increased locomotion shortly after changing the illumination. B: 50 hour recording of chokh mutants (n = 
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25). Lights-on periods are shown in white and lights-off periods in grey, respectively. Although a slight increase in swimming 
speed upon turning the light off at 4 dpf is visible, overall no obvious difference in motor activity between the different illumina-
tions. B1,3: Activity level measurements between 1 min before and 1 min after the ON-OFF switch (light OFF-response) show a 
late increase in activity at 3 dpf (B1) and an overall higher locomotor activity  to light offset at 4 dpf (B3). B2,4: Activity level 
measurements 1 min before and 1 min after the light is turned on (ON-reponse) at 4 dpf (B2) and 5 dpf (B4) in the morning show 

































Figure 5: Activity levels of wild-type and chokh larvae raised under narrow-band red light. 
Recordings were taken for 50 hours between 3 and 5 dpf. A: 50 hour recording of wild-type zebrafish larvae (n = 48) reveal 
slightly increased swimming speeds in lights-on periods. The x-axis depicts the time in hours counted after the recording started 
(ZT 3.5) and lights-off periods are shaded in grey. A1,3: Although not clearly visible in A, activity level measurements during 1 
min before and 1 min after the ON-OFF switch (corresponds to the light OFF-response) reveals clear light OFF-reactions of wild-
type larvae at 3 (A1), and 4 (A3) dpf. The usually observed gradual decrease after increased activity upon light cessations is only 
visible at 4 dpf. A2,4: Activity level during 1 min before and 1 min after the OFF-ON switch (corresponds to the light ON-
response). At 4 dpf (A2) wild-type larvae show no clear ON-response, however, at 5 dpf (A4) a late overall increase in activity 
level is visible after the light is turned ON. B: 50 hour recording of chokh fish (n = 25) show no obvious increase in swimming 
speed in lights-on periods. B1,3: Activity level measurements between 1 min before and 1 min after the ON-OFF switch (light 
OFF-response) show no sharp increase in swimming speed. The amplitude at 3 dpf (B1) increases before the light/dark transition 
happens and does not show a startle response. At 4 dpf (B2) a late increase in overall activity is visible. B2,4: Activity level meas-
urements 1 min before and 1 min after the light is turned on (ON-reponse) at 4 dpf (B2) and 5 dpf (B4) in the morning show no 
difference. 





8.4.3 Influence of spectral rearing on cryptochrome mRNA levels 
After raising the wild-type and mutant fish for five days under different light conditions, overall mRNA levels of 
cryptochromes were measured using qRT-PCR. With this experiment we aimed to suggest a dependence of cry 
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expression to wavelength and to detect differences between eyeless and wild-type fish. The broad-spectrum 
reared wild-type fish were used as a reference. 
When raising wild-type larvae under red light only, they show clear decrease in expression of cry1 and cry3 
paralogs as well as cryDASH. Overall cry expression in chokh mutants raised under red, green and blue light (Fig. 
6 RGB chk) seems, besides some minor changes, similar to the reference set. Surprisingly, larger differences were 
found between mutants and wild-types raised under the broad-light spectrum. Here, especially the cry1 and -3 
paralogs as well as cryDASH seem to be downregulated. When raised under red light, wild-types show majorly 
diminished cryptochrome levels, while mutants rather have a tendency to increase cry expression.  
 
Fig. 6: Relative cryptochrome mRNA abundance in fish raised under different light conditions. 
Wild-type zebrafish raised under the full light spectrum were used as a reference and set as standard 1. For each individual anal-
ysis 48 wild-type larvae and 25 chokh mutants were used. All cryptochromes were named according to Chapter 6 in this thesis. 




The majority of an animal’s daily behavior is adapted to their photic environment. In order to do so, information 
on ambient irradiance needs to be gathered by photosensitive molecules. Classical visual pathways are opti-
mized to discriminate shapes, colors and motion within the visual field. Although this enables high temporal and 
spatial precision it is not suited to accurately encode irradiance. For that a measurement of the overall environ-
mental luminance level is necessary. While lower vertebrates solved this problem by extraretinal photoreceptors 
located in various tissues such as the pineal gland (Bailey & Cassone, 2005), the brain (Halford et al., 2009) or 
other organs (Whitmore et al., 2000; Moutsaki et al., 2003), mammals possess intrinsically photosensitive retinal 
ganglion cells containing melanopsin that fulfill this task (Hattar et al., 2002). It is hypothesized that early mam-
mals were forced to behave increasingly nocturnal due to the edacious archosaurs that hunted during the day. 
This “nocturnal bottleneck” may had caused the loss of extraretinal photoreceptors since they were not sensitive 
enough to function at twilight and during the night (Davies et al., 2010). 
The quest for circadian photoreceptors revealed a number of candidates, ranging from all the opsins (Magnoli et 
al., 2012; Mano et al., 1999) including melanopsin (Underwood, 1990; Frigato et al., 2006) and more ancient 
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forms such as TMT- or VA-opsins (Moutsaki et al., 2003; Halford et al., 2009; Davies et al., 2012). Cryptochromes 
have been discussed to participate in this task as well and were even found to mediate light input to the periph-
eral clock in zebrafish (Tamai et al., 2007, 2007; Kubo et al., 2006). The aim of this study is to shine light on 
wavelength dependent aspects of visual and non-visual photoreception measured via locomotor output in 
zebrafish larvae. 
8.5.1 Activity levels of wild-type fish raised under different light conditions 
Larval zebrafish show a sleep-like state during dark hours (Zhdanova et al., 2001) and while their activity stays 
at base levels when reared in constant darkness, they show robust circadian behavior under LD-conditions 
(Prober et al., 2006). As expected, we observe similar effects in our experiments. The wild-type larvae are much 
more active during the light phase, moreover, activity levels seems to increase with age as a much higher activity 
is seen in five-day-old fish compared to three-day-old larvae. When reared in constant darkness larvae show no 
circadian behavior but a basal activity level similar to the one LD-fish show in darkness. Cyclic expression of 
genes involved in the circadian feedback loop was already observed from the first day after fertilization on 
(Dekens & Whitmore, 2008), however, an entraining signal after 20 hpf is necessary to synchronize oscillating 
gene expression (Kazimi & Cahill, 1999; Hurd & Cahill, 2002; Dekens & Whitmore, 2008). In our experiment we 
placed the larvae into constant darkness within the first hour after fertilization, thereby preventing entrainment 
of the circadian clock. This possibly led to the basal overall activity level shown by larvae raised in constant 
darkness. 
Activity level changes between day and night of wild-type larvae are highest when using white light. Already 
omitting UV-light decreases overall daily activity. They seem calmer and show less spiking activity. Interestingly, 
the change in activity level does not depend on brightness as this differs when illuminating different set of LEDs 
(see 8.3.2.1). A recent study in cichlid fish has shown that changes in light color but not intensity are crucial for 
circadian activity (Pauers et al., 2012). This could explain why larvae raised solely with UV-light show a much 
clearer change in activity level between day and night than larvae raised under the much brighter red light. 
In wild-type larvae regular periods of increased activity of about 20 minutes were found during day time. This 
effect is best seen in Figure 3A when the light is turned on after 44.5 hours of measurement. We found that this is 
not a behavioral effect but rather depended on air-conditioning that was turned on and off regularly. In later 
experiments when the air conditioning was turned off such phases were not observed anymore (K. Müller, per-
sonal communication). 
8.5.2 Wavelength-dependent response of circadian photoreception 
Larval zebrafish show robust circadian activity when raised under white light. Omitting UV-light or using nar-
row-band red or UV-LEDs only led to a reduced activity during light hours but did not affect circadian rhythmici-
ty. This suggests that a large variety of photoreceptors is involved in mediating circadian photoreception. More-
over, most of the molecules discussed to be involved this task such as cryptochromes, TMT-opsin or other vita-
min A derivates (reviewed in Peirson et al., 2009) are not activated by the narrow-band red LEDs used in this 
study. In this case light must be sensed by one or both red-sensitive photopigments LWS1 and LWS2 present in 
Ph.D. Thesis Marion Haug  Chapter 8 
 
158 
the zebrafish retina (Chinen et al., 2003), or another, yet unknown photopigment present in either the eye or 
another photosensitive tissue that absorbs light in the red range. 
To investigate extraretinal photoreception and their wavelength dependent input to circadian locomotor activity 
independent of visual opsin involvement, we used chokh mutants. These lack any visible eye due to a mutation in 
rx3, a transcription factor necessary for optic vesicle evagination from the forebrain (Loosli et al., 2003; Kennedy 
et al., 2004). We found that chokh mutants do not exhibit a circadian activity pattern under any light condition. 
Moreover, mutant larvae showed no age dependent increase in motor activity. This led us conclude that the eyes 
and its photoreceptive molecules are crucial for the generation of circadian activity. The independently develop-
ing rhythmic gene expression in the pineal gland and other peripheral cells (Kazimi & Cahill, 1999; Dekens et al., 
2003) seems not to be sufficient to generate rhythmic locomotor output. However, during the experiments we 
noticed some drawbacks for using this mutant in such studies. Throughout the measurements the activity level 
of chokh mutants was rather low, even lower than the level observed in wild-type fish during dark hours. Alt-
hough the mutation does not affect swimming ability (Loosli et al., 2003), we observed a decreased response to 
external stimuli compared to wild-type larvae. Besides that, although very weak, some illumination from standby 
lights of computer, camera, and other electronics always remains in the room. If this light is sufficient for the 
wild-type larvae to orientate themselves in the well plate and maintain an overall increased activity level com-
pared to the eyeless larvae is hard to say. These observations of course challenge the readout of our experiments 
and have to be considered when working with this setup and chokh mutants. To complete this study and draw 
conclusions from the results behavioral abilities of chokh larvae need to be thoroughly tested. 
At around 24 hpf the pineal gland differentiates and expresses first photoreceptor markers (Heisenberg et al., 
1996; Masai et al., 1997; Wilson & Easter, 1991; Falcón et al., 2003). This correlates well with the earliest devel-
opmental time where environmental cues are able to set the phase of behavioral rhythms (Kazimi & Cahill, 1999; 
Hurd & Cahill, 2002). The later differentiating retina (Larison & Bremiller, 1990; Raymond et al., 1995) might 
account for the gradual increase in amplitude responses, however, other structures are believed to contribute to 
circadian entrainment as well. In zebrafish circadian locomotion still persisted after pinealectomy and 
enucleation (Hurd & Cahill, 2002) and in a recent publication a light seeking behavior triggered by photosensi-
tive neurons in the preoptic area has been shown (Fernandes et al., 2012). An involvement of deep brain photo-
reception in circadian behaviors was previously shown in many non-mammalian vertebrates (reviewed in Foster 
et al., 1994; Davies et al., 2010). However, which photopigments mediate such behaviors is still debated. The 
teleost multiple tissue (TMT) opsin is expressed in extensive parts of the fish, including the kidneys, liver, heart, 
and brain (Moutsaki et al., 2003). A recent study on the eyeless Somalian cavefish, which lack single cell circadian 
entrainment by light, showed that by inserting a functional tmt-opsin into the genetic code, light-sensitivity can 
be regained. Somalian cavefish carry natural mutations in tmt-opsin and opn4m2 (one of the melanopsin 
orthologs) which inhibits the light entrainability pathway (Cavallari et al., 2011). This study seems to exclude 
other photopigments from the list of potential non-visual light sensors, however, the effect of different wave-
lengths on the induction of clock gene expression suggests that more than these two photopigments contribute 
to circadian entrainment (Cavallari et al., 2011). In birds it is hypothesized that vertebrate ancient (VA) opsins 
present in the hypothalamus mediate photoperiodic behavior (Davies et al., 2012; Halford et al., 2009). Due to 
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the additional whole genome duplication in the teleost lineage (Ohno, 1999) the zebrafish possesses two VA-
opsins which are both present in the retina and the brain (Kojima et al., 2000; Kojima et al., 2008). Whether they 
have a similar function as is discussed for birds is unknown. However, fish lacking the ventral brain still show 
robust photoentrainment, suggesting only a minor involvement of this tissue for the establishment of circadian 
rhythms (Noche et al., 2011). In mammals, the visual photoreceptors as well as melanopsin containing intrinsic 
photosensitive retinal ganglion cells (ipRGCs) mediate non-visual light perception (Hattar et al., 2003). A similar 
function has been suggested for melanopsin-positive cells in the pineal gland of chicken (Chaurasia et al., 2005). 
Recently, two groups independently identified five melanopsins in zebrafish, although neither of them was ex-
pressed in the larval pineal gland but rather in other brain structures or throughout the retina (Matos-Cruz et al., 
2011; Davies et al., 2011). Since due to its expression one of the melanopsin subtypes might be able to interact 
with photosensitive structures (Matos-Cruz et al., 2011), and since expression in the adult zebrafish brain has 
not been shown so far, brain melanopsin contribution to circadian entrainment is still under discussion. The 
cryptochromes are another family of molecules discussed to be involved in non-visual photoreception. This 
group consists of two members in mammals which are both involved in the negative feedback loop of the circa-
dian clock (Kume et al., 1999; Shearman et al., 2000). The zebrafish possess 8 cryptochromes with mostly un-
known functions, however, they are expressed in photosensitive tissues (Kobayashi et al., 2000). So far, a specific 
function was only designated for Cry1a that acts as light-sensor for cell-autonomous circadian regulation (Tamai 
et al., 2007). 
Recent studies suggest the involvement of several different photoreceptors in photic entrainment leading to a 
reliable representation of changing light levels (reviewed in, see Peirson et al., 2009). This complicates the quest 
for extraretinal photoreceptors, since the spectral sensitivity for a specific non-visual photic behavior is possibly 
influenced by more than one photopigment. By using chock mutant fish in our study we aimed to get more in-
sight into the biophysical properties of circadian activities. As they did not show circadian rhythmicity under any 
light condition the usefulness of this mutant has to be reconsidered. Another approach as using enucleated lar-
vae might be a better solution. Nevertheless, due to the transparent body, the fast embryonic development, and 
the available genetic tools the zebrafish is a favorable model for investigating non-image forming photic behav-
ior. This is represented by the growing number of laboratories that use zebrafish as their model organism. 
8.5.3 Light ON- and OFF-responses 
Fast light/dark or dark/light transitions lead to a sharp increase in activity levels of zebrafish larvae (Emran et 
al., 2008). These so called “startle responses” represent light-ON and -OFF locomotor responses. To investigate 
dependency of ON- and OFF-responses on age and light conditions each transition was separately analyzed. 
Moreover, the use of eyeless chokh mutants enabled us to discriminate between retinal and non-retinal input to 
these responses. 
It has already been shown that zebrafish larvae increase their motor activity to light increments and decrements 
during the day (Emran et al., 2007; Prober et al., 2006). Wild-type larvae raised under the full light spectrum as 
well as when omitting UV-light revealed a sharp increase in activity which gradually returned back to baseline in 
dark/light transitions or stayed above baseline in light/dark transitions, similar to the results of Emran and col-
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leagues (Emran et al., 2007). While under red light increased activity was observed upon lights-off, the gradual 
decrease only occurred at 4 dpf and instead of fast ON-responses a sluggish and delayed increase in activity was 
seen at 5 dpf. These results suggest that UV-light is not necessary for stable ON- and OFF-responses, however, 
red light is only able to drive a startle response upon light-off but not light-on. Therefore, light in the blue and 
green range is necessary for the generation of robust startle responses, especially for the dark/light transition. 
Whether the photopigments that mediate these responses are located in the retina is unclear. A VMR-
investigation of eyeless chokh mutants revealed no ON- and OFF-responses (Emran et al., 2007) which proposes 
that visual opsins mediate this behavior. However, we found clear and sharp increases in activity levels upon 
dark/light transitions of chokh mutants raised under white light or when omitting UV-light. We hypothesize 
therefore, that the startle response to a change in illumination from dark to bright can be robustly driven via a 
photosensitive molecule that absorbs light in the blue or green spectrum and is located extraretinally. Candidate 
photopigments that absorb light in this range are the cryptochromes, which are located in various peripheral 
tissues of zebrafish (Chapter 7; Kobayashi et al., 2000). Although this theory needs to be further tested, it sug-
gests that cryptochromes or other non-visual blue-green light receptors are indeed present in the periphery of 
the fish to sense a change in irradiation. The previous study that did not detect any response in chokh mutants 
only measured 30 minute intervals during the day (Emran et al., 2007). It may be that such responses are only 
measurable with a longer dark adaptation than 30 minutes. 
While chokh mutants show a delayed increase in activity upon lights-off at 4 dpf, we never observed any clear 
and sharp startle-OFF-response in these fish. Wild-type fish on the other hand showed fast increases in locomo-
tion to light/dark transitions under all light conditions. This implicates that eyes are necessary for robust, fast 
OFF-responses, whereas the delayed increase in activity levels in chokh mutants is probably mediated via other 
extraocular photosensitive molecules that are present from the 4th day after fertilization. The fact that raising 
fish only under red light led to robust OFF-responses in wild-type fish suggests an involvement of a molecule 
absorbing light in the red range. However, so far we did not measure light/dark transitions when omitting red 
light and it is well possible that various photosensitive pigments contribute to the OFF-response. 
8.5.4 Relative cryptochrome mRNA levels differences in larvae raised under various light 
conditions 
Since cryptochromes absorb light in the UV- and blue range and are discussed to be involved in circadian 
locomotor behavior (reviewed in Chaves et al., 2011) we used the fish reared under different light conditions to 
investigate the effect of spectral rearing on cryptochrome mRNA abundance. Omitting short-wavelength light 
could either lead to an increase in expression of photopigments absorbing light at this spectrum (e.g. UV-opsin or 
Crys) in order to compensate but it may also lead to a lower abundance of them, since they are not activated. 
Raising wild-type larvae only under red light clearly affects expression of both cry1 and both cry3 paralogs as 
well as cryDASH while the effect on cry2, -4, and -5 mRNA levels is only minor. Whether this lower expression of 
crys could be the cause for the lacking ON-response in fish raised under the narrow-band red LEDs is only specu-
lation and needs further confirmation, for instance by repeating the experiments after downregulating a specific 
cryptochrome. When raising eyeless mutants under red light cry mRNA levels seem much less affected and even 
upregulated in some cases. This raises the question how cryptochrome expression is regulated? Except for cry2 
Chapter 8  Visual and Non-Visual Photoreception 
 
161 
and -5 we found that cryptochromes generally show a broad expression pattern in the central nervous system 
(Chapter 6 and 7). If they function as photopigment in extraretinal tissues regulation of expression is expected to 
be independent of the development of the visual system and therefore should be similar in wild-type and chokh 
fish. However, eyes seem to be crucial for normal cryptochrome expression. 
Overall cry expression in chokh mutants raised under red, green and blue light seems, besides some minor 
changes, similar to the reference set. Surprisingly, larger differences were found between mutants and wild-
types raised under white light. Here, especially the cry1 and -3 paralogs as well as cryDASH seem to be 
downregulated.  
The photolyases-like Cry5 still possesses the ability to repair UV-induced DNA damages (Kobayashi et al., 2000; 
Tamai et al., 2004). Omitting UV-light should decrease DNA damage thereby leading to decreased cry5 mRNA 
levels. While cry5 expression was lower in wild-type fish reared under red light only, chokh mutants show an 
increased cry5 level when using only red, green and blue light. This result is unexpected and raises again the 
question of cryptochrome level regulation. Since all these experiments were only accomplished once the data 
presented here has to be regarded as preliminary. At least two more trials are necessary to get reliable results to 
draw further conclusions. Moreover, some sets such as fish raised under UV-light are missing and would be nec-
essary to complete the study. 
8.5.5 Summary and conclusion 
By deciphering visually guided behaviors in wild-type and eyeless larval zebrafish we could show that the eye is 
crucial for the generation of circadian activity rhythms. Moreover, entrainment of circadian rhythmicity seems 
independent on the light spectrum. This suggests the involvement of a variety of photopigments absorbing light 
in a broad range. Investigation of wavelength specificity to elicit startle responses in zebrafish larvae revealed 
that light in blue and green range is necessary for the generation of robust ON- and OFF-locomotor responses. As 
fast light-on responses were also observed in eyeless chokh mutants when omitting UV-light but not when using 
only red light, we hypothesize that the startle response to a change in illumination from dark to bright can be 
robustly driven via a photosensitive molecule that absorbs light in the blue and/or green light spectrum and is 
located extraretinally. Generating OFF-responses likely includes in addition a photopigment that absorbs light in 
the red range, since under red light wild-type larvae only showed OFF- but no ON-responses. This molecule is 
probably located in the eye, since chokh mutant fish never showed fast responses to light/dark transitions. 
Although preliminary, our study shows with simple experiments the impact of spectral rearing on visually and 
non-visually guided behavior in larval zebrafish. Recently a study using skylight-mimicking light sources in fish 
revealed the influence of color on circadian activity rhythms (Pauers et al., 2012). Their and our results depict 
the importance of light conditions while rearing animals in laboratories, especially when working in the field of 
circadian rhythmicity or vision research. 




Although our results are promising and provide new insights into the relation of photoreception and wavelength 
specific behavior of wild-type and chokh mutant zebrafish larvae, all experiments were only performed once. For 
reliable results and statistics at least three individual experiments should be performed with VMR-setup as well 
as with qRT-PCR. Until now we performed long VMR studies with the whole light spectrum, when omitting UV-
light and under red light only but all other combinations and narrow-band experiments are missing. To improve 
this study all these experiments will have to be done including the following qRT-PCR for cryptochrome mRNA 
level analysis. If one of the cryptochromes shows an interesting up- or downregulation in fish reared under a 
specific light spectrum we consider a morpholino-based downregulation of the respective protein followed by a 
VMR-study.  
As mentioned in the discussion section, the VMR experiments itself were biased due to the influence of air condi-
tioning. We do not believe that this chanced the outcome of our experiments, however, for further analyses we 
will try to avoid influence of external stimuli by turning off the air conditioning. Additional recording of humidi-
ty, temperature and air pressure would ensure constant conditions but these were not further recorded 
throughout experiments. Since the larvae stay inside the VMR room from shortly after fertilization on, handling 
during dechorionation and transfer from petri dish to the well plate could also be improved. Although the room 
was not entered during the recordings, light entering the room trough opening of the door prior to the experi-
ments or as emission from electronic devices may also had an effect. This can only be avoided by adding a second 
door or a thick curtain between door and setup. 
Experiments could be also be biased since the mutant fish are generally less active and do not act similar to ex-
ternal stimuli as wild-type larvae. Moreover, we observed a spastic, continuous pectoral fin response. Although 
swimming ability was described as normal in these larvae (Loosli et al., 2003), we do not know in which way this 
might affect their swimming speed and thereby also influences VMR measurements. Before pursuing this study  
behavioral abilities of chokh larvae need to be thoroughly tested. 
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8.7 Supplementary material 
Supplementary Figure 1: Wavelength measure and irradiance profile of the LED used in the VMR setup. 
The graph nicely shows the spectral properties of each individual LED source used for the VMR-measurements. The narrow am-
plitudes show that individual LEDs do not cross-activate other wavelengths. This reliably enables activation of small wavelength 
ranges. For the measurement a spectrometer (USB2000+XR1; Ocean Optics, Dunedin, FL, USA) was used. 
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General Discussion and Conclusion 
 
In the studies presented here we exploited the zebrafish as a model system in many ways to gain new insight 
into evolutionary processes, identifying new signaling mechanisms, and to elucidate vertebrate vision from dif-
ferent angles. By focusing on signal transmission in the first visual synapse, we aimed at enlightening the discus-
sion about how retinal ON-signals are generated. In addition, the exploration of circadian regulation of visual 
sensitivity brings insight into basic regulatory mechanisms. Second, the study of how light reaches the circadian 
clocks is fundamental as circadian mechanisms regulate many physiological processes. Investigating the 
cryptochrome family of blue-light receptors had the goal of finding hints for an involvement in such signaling 
mechanisms. Besides that, zebrafish larvae were used to exploit visual and non-visual behavioral aspects. This 
part of the study had the objective to contribute to the basic understanding of light perception. The following 
paragraphs will summarize and discuss the presented results and consider perspectives for future research. 
9.1 About the usefulness of phylogentic trees  
The duplication of genes had a major impact on genome evolution. As tandem duplications result from unequeal 
crossing over, they usually lead to two genes that may remain under the control of the same regulatory elements 
and perform similar functions. Whole genome duplication (WGD) events on the other hand lead to the duplica-
tion of a full genome, creating tetraploid individuals in an otherwise diploid species. In plant genomes WGDs are 
fairly frequent and likely build the basis for rapid species formation (reviewed in Hegarty & Hiscock, 2008). In-
terestingly, such events are also possible in vertebrates. Even if polyploidy of vertebrates is generally incompati-
ble with normal development and function the comparison of Hox-clusters, groups of clustered genes relevant 
for pattern formation, revealed two WGD events that likely happened around 500 Mya at the basis of the verte-
brate lineage (Dryja et al., 2005; Hoegg & Meyer, 2005). These increases in genetic material were possibly rele-
vant for the evolutionary radiation of vertebrate species, as duplicated genes are released from selective pres-
sure and can acquire new or subfunctions that finally lead to their retainment in the genome (Force et al., 1999; 
Ohno, 1999). As teleost fish underwent an additional WGD event around 350 Mya, up to two paralogs can be 
found for one mammalian ortholog (Amores et al., 1998; Vandepoele et al., 2004). While this increased complexi-
ty might complicate the comparison of human and zebrafish genomes and the investigation of gene functions, it 
also yields many possibilities. The ancestral gene function might be split onto two paralogs, which could help to 
generate loss-of-function animals of an otherwise lethal gene. Moreover, tissue-specific regulatory elements 
could be identified by expression analysis of paralogous genes. Still, prerequisite for every study dealing with 
zebrafish genes is a thorough phylogenetic analysis. This has been done for the mGluR gene family, where we 
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investigated comparative phylogeny and expression. The high resemblance of zebrafish and mammalian expres-
sion found for both group I mGluR paralogs shows the suitability of this fish as a model organism. Our detailed 
description of brain regions where mglur genes are localized will serve as a reference-set, thereby paving the 
way for next studies dealing with mGluR function. A comparison of spatial and temporal expression patterns 
allows insight into the evolutionary mechanisms of sub- or neofunctionalization events (Force et al., 1999). 
While this likely happened for mglur1 and mglur2 paralogs, expression of mglur8a and -8b is still similar and 
rather suggests genome dosage constraints. However, such questions can only be conclusively answered by 
studying and comparing their regulatory subunits among different species. Next generation sequencing will in-
crease and specify the available genomic databases, thereby facilitating bioinformatic analyses. 
How important the reconstruction of phylogenetic history can be is shown in Chapter 6, where we investigated 
the evolutionary relationship of cryptochromes. Previous studies mostly grouped the zebrafish Cry2 (previously 
named Cry3 or Cry3b) outside the lineage of the mammalian Crys, therefore no zebrafish ortholog for the mam-
malian Cry2 was found (Kobayashi et al., 2000; Lin & Todo, 2005; Schröder et al., 2003). Such misinterpretations 
likely happened because they only compared few species and did not include all zebrafish cryptochromes within 
the tree. However, as our comparative study involves species from insects to mammals, we found the zebrafish 
ortholog for the mammalian Cry2 and renamed it from Cry3 to Cry2 according to its relation. Interestingly, of the 
tested species only the zebrafish and the closely related cavefish retained these two paralogs which we renamed 
as cry3a and -3b, while other teleosts only possess one copy of this gene and all other vertebrates seem to have 
lost it. In addition, Cry4 is also only retained by zebrafish and its closes relatives but not by other teleosts, how-
ever, we also located this member in amphibians, reptiles and birds. Such observations raise the questions of the 
function of these specific genes? Since expression analysis showed robust mRNA expression of these genes, it is 
unlikely that they will be inactivated soon. A comparative expression analysis involving other species might 
show some hints for a specific function, however, before that is accomplished further in silico investigations that 
predict evolutionary events have to be exploited. First, other intermediate species such as the elephant shark 
(Callorhinchus milii), a chordate that branched off before the teleost specific whole genome duplication (Yu et al., 
2008), or the monarch butterfly (Danaus plexippus), an insect that retained both a Drosophila-type and a mam-
malian-type cryptochrome (Zhu et al., 2008), have to be incorporated into the phylogenetic tree. Second, a 
synteny analysis, where the position and the flanking regions of genes on chromosomes amongst species are 
compared, would help understanding how genes evolved. When gene duplicates originate from large-scale evo-
lutionary events, their chromosomal neighborhood should be conserved. If that is not the case the gene was like-
ly duplicated by tandem duplication. In addition, such a study likely detects remnants of lost in the mammalian 
genome. In combination with molecular clock strategies determination of the evolutionary time point where for 
instance cry3 was lost in the mammalian lineage could help identifying possible functions that are lost in one 
species but kept in others.  
9.2 Dissecting retinal ON-signals  
The separation of ON- and OFF-signals occurs at the bipolar cell dendrite, where either sign conserving 
ionotropic glutamate receptors or sign inversing metabotropic glutamate receptors are present. The metabo-
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tropic glutamate receptor 6 (mGluR6) located on ON-bipolar cell dendrites was found to mediate ON-signaling 
(Masu et al., 1995; Vardi et al., 2000). During the past years a lot of research has been undertaken to discover the 
molecular mechanisms behind this signaling pathway. Only recently, the effector channel has been found to be 
the transient receptor potential channel M 1 (TRPM1) (Shen et al., 2009; Morgans et al., 2009). In addition, the 
cascade was found to involve nyctalopin (NYX) and the G protein-coupled receptors 158/179 (GPR158/179), 
molecules that are likely involved in compartmentalization of pathway members crucial for proper signaling 
(Cao et al., 2011; Orlandi et al., 2012). Removal of any of the involved molecules tested leads to a non-functional 
mGluR6 pathway manifested by loss of the ERG b-wave, and affects the organization of mGluR6 pathway mole-
cules (Dryja et al., 2005; Zeitz et al., 2005; Audo et al., 2012; Peachey et al., 2012; Dhingra et al., 2002; Gregg et al., 
2003; Bech-Hansen et al., 2000; Morgans et al., 2009; Shen et al., 2009; Xu et al., 2012; Tummala et al., 2012; 
Neinstein A.G. et al., 2012; Pearring et al., 2011). As due to retrograde signaling postsynaptic reorganization like-
ly affects the proper localization of presynaptic proteins (Neinstein A.G. et al., 2012), photoreceptor integrity 
might also be affected. These results show the importance of understanding the full molecular mechanism of the 
mGluR6 pathway and all its interaction partners. Our research on the mGluR6 mediated ON-signaling in 
zebrafish adds to the understanding of this pathway. We found that the mGluR6 pathway is conserved in 
zebrafish, which bears the possibility of studying all pathway members as well as their interaction partners in 
this model system. Hence, one could employ the recently developed DuoLink Assay (from e.g. Olink Bioscience or 
Eurogenetec) for identification of protein-protein interactions. We are currently generating transgenic fish lines 
that express GFP under the mglur6a or -6b, trpm1a or nyx promoter using Tol2-based constructs (Amsterdam et 
al., 1995; Kawakami & Shima, 1999; Stuart et al., 1988). Patch clamping GFP-positive bipolar cells in the adult 
retina will increase our knowledge about the kinetics of the mGluR6 pathway. Moreover, as ERG recordings only 
exploit outer retinal functions, patch clamping of GFP-positive ganglion cells in mGluR6a or -6b transgenic lines 
will allow the investigation of mGluR6 function in the inner retina. A recent publication describes mGluR6 ex-
pression in human retinal ganglion cells (Klooster et al., 2011), yet physiological evidence for a sign inversing 
synapse in the IPL has not been found. Transgenic zebrafish lines in combination with electrophysiological tech-
niques will hopefully bring more light into mGluR6 function in the inner retina. 
Patients with mutations in any member of the mGluR6 pathway suffer from congenital stationary night blindness 
(CSNB1) (Bech-Hansen et al., 2000; Audo et al., 2012; Zeitz et al., 2005; van Genderen et al., 2009). However, 
besides that these patients have normal photopic vision and visual acuity, indicating that the cone pathway 
might not be affected by these mutations. An idea about cone ON-mechanisms comes from studies conducted in 
lower vertebrates where it is hypothesized that chloride conductance of glutamate transporters (excitatory ami-
no acid transportes, EAATs) mediates hyperpolarization in ON-bipolar cells during light decrease (Grant & 
Dowling, 1995, 1996; Wong et al., 2005; Wong & Dowling, 2005; Wong et al., 2004), however, mGluR6 is thought 
to contribute to photopic ON-signaling as well (Nelson & Singla, 2009; Saszik et al., 2002). EAATs might drive 
photopic vision in patients lacking proper mGluR6 signaling, however, while EAATs are hypothesized to indirect-
ly modulate ON- and OFF-signaling (Tse et al., 2012; Wersinger et al., 2006; Rowan et al., 2010), a direct function 
of glutamate transporters in ON-signaling has never been found in mammals. Most research in ON-signaling has 
been conducted in rodents, model systems whose vision highly relies on rods. If mGluR6, as it has been hypothe-
sized, is mainly mediating rod ON-responses, an involvement of EAATs was probably missed. As the larval 
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zebrafish retina is cone dominant and as its cones were found to be molecularly similar to human ones (Imanishi 
et al., 2002; Rinner et al., 2005; Vihtelic et al., 1999), zebrafish suit perfectly for analyzing cone specific signaling. 
In line with other studies, our results show that at least mGluR6b is involved in cone ON-responses, however, 
only partially. Besides mGluR6b EAAT7 has been found to affect the ERG b-wave as well (Maurer, 2010) and a 
combined knockdown confirmed the involvement of both glutamate receptors/transporters in ON-signaling. 
However, EAAT7 is only present in lower vertebrates but not in mammals (Gesemann et al., 2010), indicating 
that lower vertebrates might be a special case concerning the generation of the ON-response. The nocturnal bot-
tleneck within the mammalian lineage (reviewed in Davies et al., 2012) likely led to the extinction of an EAAT-
based mechanism, as only scotopic vision was necessary. Later on, however, when cone vision became important 
again, they might have adapted the mGluR6-based rod system to mediate both rod and cone derived signals. 
Nevertheless, a recent study in mice found evidence for EAAT5 mediating direct ON-signaling (Tse et al., 2012). 
Since after downregulation of both mGluR6b and EAAT7 in zebrafish, a small ERG b-wave remained, EAAT5 
might be involved in zebrafish cone ON-responses as well. Consistent with that, preliminary results show 
EAAT5b expression in the postsynaptic OPL, the correct place for mediating ON-signaling. mGluR6a, the second 
mGluR6 paralog, is also present in ON-bipolar cells and colocalizes with mglur6b. However, as preliminary re-
sults have shown no influence in cone ON-responses after mGluR6a depletion, we hypothesize that mGluR6b, 
EAAT7 and likely EAAT5b fulfill the zebrafish cone ON-response.  
Besides exploiting ON-signaling on the functional level, we aimed at shining light on the input pathway of each 
photoreceptor subtype to ON-responses. As spectral sensitivity of the metabotropic proportion of the photopic 
ON-response was found to be shifted towards shorter wavelengths (Nelson & Singla, 2009; Saszik et al., 2002), 
we expected mGluR6-positive cells to solely or mostly have contact with UV- and blue-cones, however, at least 
mGluR6b-expressing cells seemingly have contact with all cone subtypes as well as rods. Therefore, the in-
creased mGluR6 mediated ON-response to short wavelength stimuli is likely due to other effects, possibly a high-
er number of receptors on synapses contacting short wavelength cones. As ON-bipolar cell diversity in zebrafish 
is high (reviewed in Connaughton, 2011) and most of them contact more than one photoreceptor subtype (Li et 
al., 2011), a simple estimation of the numbers of activated receptors by measuring Ca2+ or Na+ influx through 
TRPM1 channels would not help much. Dissection of the contribution of each receptor subtype to different spec-
tral input is better done on the physiological level. Monochromatic ERG recordings in morphant fish combined 
with pharmacological tools to specifically block metabotropic or transporter mediated ON-signals might be help-
ful. While this would exploit zebrafish cone ON-responses, it does not add to the knowledge of scotopic ON-
signaling. In zebrafish robust rod ERG responses can only be measured at later stages when rods are fully incor-
porated into the retina (Branchek, 1984; Branchek & Bremiller, 1984). However, Dowling’s group was able to 
evoke small scotopic responses at 5 dpf in a zebrafish mutant that lacks cone function (Mills et al., 2009). Using 
this mutant might help us gaining additional knowledge about rod ON-signaling in larval fish. 
While a targeted gene knock down using morpholinos is very useful for studying early development, their main 
disadvantage is that they dilute over the process of growth. Therefore, measuring the contribution of a specific 
receptor to rod function at later stages would require the generation of a mutant fish line lacking one of the re-
ceptor subtypes. During recent years several new technologies have arisen to disrupt specific genes in zebrafish. 
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TILLING (targeting-induced local lesions in genomes) relies on random generation of mutations in the genome 
and requires subsequent screening of the F1 generation (reviewed in Moens et al., 2008). Since this procedure 
can be automated, it allows large-scale approaches that led to the establishment of several zebrafish TILLING 
libraries all over the world with the goal to generate and distribute loss-of-function mutations in genes of inter-
est to the zebrafish community. To specifically target sequences in the genome zinc finger nucleases (ZFNs; re-
viewed in Ekker, 2008) or the newly developed TALEN technology (transcription activator-like effect nuclease; 
reviewed in Clark et al., 2011) can be used. The advantage of TALEN is the high predictability and specificity of 
its DNA binding domain, ceasing the need for screening or identifying a DNA binding domaine with the requisite 
specificity. Looking to the future, it is very likely that the TALEN technology will be a preferred technology for 
creating targeted knockout mutants in zebrafish and will play a major role in establishing a library of loss-of-
function alleles. 
The retinal network is very diverse and harbors a number of dynamic interaction pathways. Studying such net-
works adds not only to the knowledge of visual processing but also has a great impact on the understanding of 
neuronal networks in general. The understanding and modeling of networks relies on the basic knowledge about 
synaptic signaling mechanisms such as the one we have analyzed in this work. As vertebrates harbor a number 
of different bipolar cells (reviewed in Masland, 2001; Connaughton, 2011), future research has to concentrate on 
specific photoreceptor-to-bipolar cell networks. This is most efficiently done by combining different techniques 
such as the generation of transgenic lines in order to electrophysiologically investigate the functional properties 
of specific cell types or by using optogenetic tools that allow specific analyzation of neuronal circuits. As such 
tools are already available in zebrafish, and as it bears the advantage of a diurnal animal relying on cone vision, 
this model organism will be of great use for future research.  
9.3 Circadian aspects of vision 
A circadian clock is a molecular oscillator with a period of approximately 24 hours. Although self-sustained, it is 
entrained to environmental changes by external input such as light or temperature thereby enabling a living 
being to optimally adapt and anticipate its behavior. A circadian clock controls a number of daily or seasonal 
physiological changes such as hormone release, metabolic activity or breeding (reviewed in Sahar & Sassone-
Corsi, 2012). To adapt the visual system in an optimal way to the changing environment, the retina harbors many 
crucial processes that are circadian driven. Melatonin and dopamine act in counterphase, with melatonin sup-
pressing dopamine release from specific interplexiform cells at night and dopamine inhibiting melatonin produc-
tion during the day (Cahill et al., 1991; Doyle et al., 2002). The increase of dopamine at dawn leads to various 
direct and indirect modulation in the vertebrate visual system, most of them crucial for switching vision from 
being rod-mediated to cone-mediated (reviewed in Witkovsky, 2004; Jackson et al., 2012). Dopamine release 
generally alters rod-cone input to second order cells, thereby adapting the visual system to operate over the ~10 
billion-fold change in ambient light intensity during a day. This is for instance achieved by enhancing electrical 
rod-cone coupling during the night, which allows cones to receive dim light signals from rods at night (Krizaj et 
al., 1998; Ribelayga et al., 2008). Also visual sensitivity has been found to underlie a circadian clock. Behavioral 
measurements in fish showed increased sensitivity at dusk (Bassi & Powers, 1987), and the threshold to evoke 
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ERG responses was reduced at dusk in both fish and humans (Lavoie et al., 2010; Li & Dowling, 1998). As in ERG 
experiments the b-wave representing ON-signal was mainly affected, we investigated the molecules involved in 
retinal ON-signaling for a circadian regulation. To our surprise we found a substantially increased expression of 
both mglur6 paralogs at dusk. As DD experiments confirmed the circadian control of this expression pattern, we 
hypothesize that at least a part of the molecular mechanism underlying higher visual sensitivity at dusk is driven 
by increased ON-signaling over mGluR6. As already mentioned in the outlook part of Chapter 5, transgenic fish 
lines could help in FACS sorting the cells expressing an mGluR6 paralog followed by qRT-PCR analysis. Like this 
we could show the increased expression of mGluR6 at dusk on a quantitative level. Since our hypothesis is only 
based on mRNA expression patterns, we will focus future research on finding functional relevance for the sug-
gested mechanism. As measuring startle ON-responses in the VMR-setup might be influenced by light uptake 
over extraocular photoreceptive cells (Chapter 8; Fernandes et al., 2012), we aim on measuring the threshold of 
ERG b-waves at dawn and dusk in wild-tpyes and in mGluR6-depleted fish larvae. Of course also here, mutant 
fish lacking mGluR6 completely generated by the TILLING or TALEN technology would be very helpful. 
Not only mglur6a and -6b expression is regulated by a circadian clock, also trpm1a showed a very interesting 
changing expression pattern in the photoreceptor layer. Moreover, Nyx, whose function is still not completely 
understood, seems to be also developmentally and circadian regulated. In addition, preliminary results point 
towards circadian regulated gene expression of several EAATs (data not shown) that are possibly involved in 
ON-signaling. The large number of retinal genes that are regulated by a circadian clock shows the high impact of 
the circadian system on visual processes. However, most scientists do not consider the time of the day as im-
portant variable in experimental studies. Hence, as our results show, being aware of the circadian aspect could 
lead to surprising findings. Moreover, research about clock controlled visual processes conducted in zebrafish is 
possibly better comparable to humans, as they are both diurnal species in contrast to rodents.  
9.4 How light acts on the circadian clock 
Light is the major external factor to entrain circadian clocks. Some organisms such as Drosophila or zebrafish 
possess directly light-entrainable autonomous circadian clocks in nearly every cell (Emery et al., 1998; Plautz et 
al., 1997; Whitmore et al., 2000). Although individual cells of mammals possess autonomous circadian clocks as 
well (Balsalobre et al., 1998), they need to be synchronized by the central pacemaker located deep inside the 
brain in the suprachiasmatic nucleus (SCN). Photic input to the central pacemaker is mediated via the retina by 
non-image forming photoreceptors termed intrinsic photosensitive retinal ganglion cells (ipRGCs). These ex-
press the photopigment melanopsin and send their information directly via the retinohypothalamic tract to the 
SCN, where the release of neurotransmitters leads to the activation of several signaling pathways, evokes chro-
matin remodeling, and induces clock genes (reviewed in Hannibal & Fahrenkrug, 2006; Dibner et al., 2010). It is 
generally suggested that ipRGCs and the visual photoreceptors rods and cones mediate photic input to the circa-
dian clock, however, other factors are likely involved in modulating the amplitude of rhythmic behavioral output 
(Hattar et al., 2003). Cryptochromes (Crys) are such other factors, as these UV- and blue-light absorbing 
photopigments have been found to influence circadian rhythmicity (van der Horst et al., 1999; Vitaterna et al., 
1999; Selby et al., 2000). Animals harbor two types of cryptochromes: the Drosophila-type Crys are light-
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responsive and act as a direct photoreceptor of the circadian clock, whereas mammalian-type Crys are involved 
in the transcriptional-translational-feedback loop of the molecular oscillator (reviewed in Chaves et al., 2011). As 
zebrafish possess both types of cryptochromes, they suit perfectly for studying the different functions of these 
within the circadian system. Moreover, the far more decentralized circadian system of zebrafish allows exploring 
circadian clock mechanisms independent of brain input. In vitro experiments have shown that photic input to 
cell-autonomous clocks is mediated via cryptochrome 1a (Tamai et al., 2007; Whitmore et al., 2000), however, 
whether other Crys are also involved in either direct photoentrainment or within the circadian feedback loops is 
not known.  
The expression study we performed using adult retinal slices had the aim to show oscillating expression patterns 
of specific cryptochromes, as this could be a hint for an involvement in circadian processes. With a qRT-PCR anal-
ysis we confirmed that all eight zebrafish crys are expressed in an oscillating manner in the adult eye. In situ hy-
bridization shows that some crys are strongly expressed throughout all retinal layers (e.g. cry3a), and others only 
marginally (e.g. cry5), however, rhythmic cry expressions matched the expression analysis performed by qRT-
PCR analysis. As we could not convincingly observe layer-specific oscillation, we hypothesize that each zebrafish 
cryptochrome harbors a similar function throughout the retinal layers. We assume a function for the mammali-
an-type zebrafish Crys within the transcriptional-translational-feedback loop, as they have all been shown to be 
biochemically able to inhibit CLOCK:BMAL1-mediated transcription (Kobayashi et al., 2000). Whether light could 
also directly adjust the cell-autonomous circadian clocks within the retina over Cry1a, as it has been shown in 
zebrafish cell lines (Tamai et al., 2007), is currently unknown, as cell-lines derived from this tissue have never 
been tested. A recent study in cavefish discovered the teleost multiple tissue (TMT) opsin and melanopsin to 
serve as peripheral photoreceptor, however, they additionally predict the involvement of several other 
photopigments (Cavallari et al., 2011). Therefore, future analysis that concentrates on a specific photopigment, 
be it one of the opsins or cryptochromes, has to validate the role of each of these in photoentrainment. Here, the 
VMR-experiments in combination with mRNA expression levels discussed in Chapter 8 might provide additional 
information. So far, our results are not specific enough to focus research about light-input to the circadian clock 
on one cryptochrome. Therefore, it might be worth concentrating on cryptochromes that likely have a more spe-
cific function in the retina such as CryDASH that shows an interesting expression in the ciliary margin zone or 
Cry5, which was shown to repair UV-damaged DNA (Kobayashi et al., 2000; Tamai et al., 2004).  
The zebrafish cryptochromes 2, -4, and -5 are Drosophila-type Crys, however, an involvement for them in direct 
photic input mechanisms to the circadian clock similar to Drosophila has not been shown so far. Cry2 or -4 might 
be involved in light-dependent magnetosensation, as has been proposed for cryptochromes in insects and birds 
(Ritz et al., 2000; Gegear et al., 2008; Yoshii et al., 2009). While such a mechanism makes perfect sense in animals 
that migrate over large distances, it barely helps the zebrafish to orient, since they usually do not leave their 
habitat throughout life (Engeszer et al., 2007). Still, one group showed magnetic sensitivity in zebrafish 
(Shcherbakov et al., 2005) and recently, the human Cry2 was found to be a possible light-dependent 
magnetosensor (Foley et al., 2011), suggesting that this sense is probably more widespread than previously 
thought. Hence, the zebrafish could provide a useful tool for further investigations concerning cryptochrome 
involvement in light-dependent magnetosensation. 
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9.5 Visual and non-visual aspects of light perception 
Featuring different photoreceptors offers the opportunity to perceive light input over a broad range which likely 
makes the system more reliable and adaptive towards external changes. It has already been shown that a variety 
of non-visual photopigments located within the retina or in peripheral tissues such as neuropsin or vertebrate 
ancient (VA) opsin are involved in photic responses of animals (Kojima et al., 2000; Tarttelin et al., 2003; Kojima 
et al., 2008; Halford et al., 2009; Ohuchi et al., 2012, reviewed in Guido et al., 2010). The differentiation between 
visual and non-visual light perception is usually complicated by the masking response, which is the direct effect 
of light on locomotor activity. Enucleating zebrafish or using eyeless mutants enables the study of behavioral 
mechanisms without the influence of ocular light perception. This allows the examination of light-dependent but 
non-ocular guided mechanisms. By using the visual motor response (VMR) setup to test locomotor activities in 
eyeless chokh mutants we discovered that these larvae react with a startle response upon a change from dark to 
bright light. This stands in contrast to a previous study that detected no light-dependent locomotor activities in 
these mutants (Emran et al., 2007), and indicates that extraocular photoreceptors are involved in the light input 
pathway of startle ON-responses. The combination of such VMR studies with spectrally distinct LEDs allows the 
prediction of spectral properties of photopigments involved in light-guided locomotor behaviors. Using this ap-
proach, we could show that an extraocular photopigment absorbing light in the blue to green range drives the 
light ON-response, whereas OFF-responses likely involve a retinal photoreceptor. Although these results are all 
preliminary, they show the large potential of such straightforward studies in zebrafish larvae. More sophisticat-
ed experiments might narrow down the spectral sensitivities found to elicit specific behaviors and pave the way 
to unravel the mysterious photopigments involved in non-visual light perception. Besides that, it also shows how 
careful one has to be while rearing zebrafish, as already small differences in light conditions can have a major 
effect on the behavioral output.  
To conclude, the zebrafish model system with its opportunities for genetic manipulation constitutes a versatile in 
vivo system in vision research. As we have shown in this study, it suits perfectly for studying signaling processes 
at the molecular level. Moreover, the raising availability of complex behavioral assays allows exploiting general 
mechanisms of light perception. In combination with the now emerging new genetic tools, future investigations 
will lead to a deeper understanding of light perceptive mechanisms in zebrafish which will convince even the last 
doubtful colleague about the usefulness of this little animal in science. 
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